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Abstract 
This dissertation was written as a part of the MSc in Energy Systems from the School of 
Science and Technology at the International Hellenic University, Thessaloniki, Greece. 
Renewable energy and especially solar energy has become an integral part of today’s 
society. Usually data of solar radiation are measured for horizontal surfaces or in 
sunshine hours, but in this form they are not so useful in engineering applications. This 
dissertation deals with the issue of converting those data to solar irradiance incident on 
inclined surfaces and more specifically on vertical surfaces. Solar models are divided 
into two distinct categories, isotropic and anisotropic models, according to the way they 
estimate diffused irradiance. Different models have been described from both categories 
and six of them were analyzed and compared to the actual inclined irradiance and 
between them. The models included in estimations were those of: Liu-Jordan, 
Koronakis, Temps-Coulson, Hay-Davies, Perez and Reindl. Also, sunshine solar models 
were described and a second analysis between one of those, Black model and total 
horizontal irradiance was held. 
All meteorological data and information about weather conditions were taken from 
the meteorological station placed on the roof of a building inside the campus of 
International Hellenic University. The selected measurements concern an entire year, 
from 1
st
 September of 2013 until 31
st
 of August 2014 and one month from each season, 
October, January, April and July, were used in calculations. 
Furthermore, I would like to thank my supervisor, Dr. G. Martinopoulos, Academic 
Assistant in International Hellenic University, for the assignment of this dissertation and 
his valuable assistance throughout the preparation of it. 
 
 
 
Loukas Nikiforiadis 
November 2014 
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Nomenclature 
1. Symbols 
Gsc Solar constant [W/m
2
] 
Lst Standard longitude 
Lloc Local longitude 
E Equation of time, estimated values 
n Day of year, hours of bright sunshine 
G Irradiance [W/m
2
] 
H Daily irradiance [J/m
2
] 
I Hourly irradiance [J/m
2
] 
m Air mass 
N Day length, maximum hours of bright sunshine, number of observations 
O Observed values 
M̅  Average of observations 
R
2
 Coefficient of determination 
KT Clearness index 
2. Greek symbols 
φ Latitude 
δ Declination 
ω Hour angle 
β Slope 
γ Surface azimuth angle 
θz Zenith angle 
αs Solar altitude angle 
γs Solar azimuth angle 
θ Angle of incidence  
ωs Sunset of sunrise hour angle 
ρG Ground albedo 
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3. Subscripts 
b Beam 
d Diffused 
n Normal 
o Extraterrestrial 
r Reflected 
T Tilted 
c Clear-sky 
iso Isotropic 
cs Circumsolar 
hz Horizon 
m Mean value 
4. Abbreviations 
RES Renewable Energy Sources 
EU European Union 
GHG Greenhouse Gases 
EU-ETS European Union Emissions Trading System 
MBE Mean Bias Error 
RMSE Root Mean Square Error 
CC Correlation Coefficient 
WRC World Radiation Center 
GMT Greenwich Mean Time 
NIP Normal Incidence Pyrheliometers 
WMO World Meteorological Organization 
IHU International Hellenic University 
UVB Ultraviolet Type B radiation 
RH Relative Humidity 
 
5. Notes: The absence of subscripts b, d or r when measuring radiation means 
total radiation. 
 The absence of subscripts n or T means radiation measured on a 
horizontal surface. 
 A bar above all symbols means mean monthly average. 
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1 Introduction 
Energy is one of the most significant parts of today’s society and definitely plays a 
major role especially in developed and developing countries. Over the past years, 
energy consumption depended almost exclusively in fossil fuels, mainly oil, coal and 
natural gas. There was a growing dependence on these reserves, because of the 
increasing found quantities and their low production cost [1]. 
However, as years passed, it has been clearly understood that fossil fuels have some 
disadvantages that need to be tackled. First of all, even with enough proved reserves for 
the coming years, it is sure that they are exhaustible and sooner or later they will get 
depleted. According to latest facts of 2013, it is estimated that with the current 
production and consumption rates, oil reserves, which are more than 1600 billion 
barrels will last for the next 53 years. With regards to the natural gas reserves of 185 
trillion m
3
, they are thought to cover the demand for the upcoming 55 years. Better are 
the estimations for coal, as they seem to be enough for more than 113 years on a global 
level and for about 250 years in Europe, Asia and America. In Figure 1.1 the reserves-
to-production ratios by region are shown. A result of their exhaustibility, regardless of 
the continuing found new reserves, is their continuously increasing prices [1, 2, 3, 4]. 
 
 
 Figure 1.1: Oil (left) and gas (right) reserves-to-production ratios by region in 2013 [4] 
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Another major drawback, that seems to be a growing concern in the developed 
world, is the environmental problems caused by fossil fuels. More and more people 
have started to be aware of problems such as the greenhouse effect leading to an 
increased earth temperature, the depletion of the ozone layer allowing ultraviolet 
radiation reaching earth and damaging humans and other species and acid rain creating 
problems to ecosystems [1, 2, 5, 6, 7]. 
Of course the two above stated problem categories are not the only ones, but they 
are enough to show the urgent need for a transition to other energy sources. A vital 
solution can be found in the form of Renewable Energy Sources (RES). With the term 
RES we mean energy that is naturally replenished at a rate that can be compared with its 
extraction. It includes several sources like solar energy, wind energy, geothermal 
energy, hydropower, biomass and energy coming from wastes and ocean, wave and 
tidal energy [1, 2, 7]. 
The previously mentioned energy sources offer a promising alternative to the 
existing and conventional fossil fuels. In recent years, they have advanced rapidly and 
now they are used in a large number of everyday applications. Some of these are 
electricity generation using one or a combination of RES, heating and cooling systems 
both for domestic and industrial purposes, penetration in the transportation sector, 
mainly seen in the form of biofuels and more alternatives under development and an 
expanded usage in the building industry. A number of years ago, this use of RES were 
still on an experimental level and definitely not on a commercial one. Before 40 or even 
30 years the production of electricity from RES was thought to be extremely expensive 
and even their use for thermal reasons, except from the case of woody biomass, was not 
so popular.  The usage of RES until that time were for distillation, desalination and 
drying in the case of solar energy and in windmills and sailing ships in the case of wind 
energy. The only RES known and used from that time was biomass, mainly for heating, 
as it was easy to be harvested. Also, in the case of building industry the only concern 
used to be the right orientation of the building with respect to its geographical position 
[1, 2, 7, 8, 9]. Some of the most important advantages of renewable energy sources are: 
 Diversity of fuel supply and national energy security. 
 Economic and social development. 
 Reduced air pollution and abatement of global warming. 
 Creation of many employment opportunities. 
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 Improvement of energy markets. 
What is more, except from all these reasons, in order to really have a sustainable 
growth of RES in our society, a well-organized plan and the proper policies should be 
followed. The European Union showed the way by setting a number of goals. The first 
step was made with the Kyoto Protocol, which was adopted in 1997. Then, in 2007, 
binding targets have been set for all EU members that were enacted in 2009. According 
to them EU members are obliged to implement measures against the climate change. 
The legislation proposed was called the 20-20-20, as the target is by 2020 to have a 20% 
penetration of renewable energy sources, a 20% reduction of greenhouse gas emissions 
and a 20% improvement in the energy efficiency, all compared to 1990 levels [1, 7, 10, 
11]. 
This was a first commitment and many more agreements and propositions must 
accompany this package. One of them is the intention of reducing emissions by 30% 
within the same time period, if it is decided by major economies in the developed and 
developing world. Also, a framework have been established until 2030 and a roadmap 
until 2050, showing actions and goals that should be achieved by then, leading to 
further reduction in GHG emissions, higher RES penetration and enhanced energy 
efficiency. In order to reach these targets a number of supporting mechanisms have 
been introduced with most important one the Emissions Trading System (EU-ETS) 
operating under a cap and trade scheme, which also need to be revised for better 
applicability in future phases.  What is more, not only in the European region, but on an 
international level, more policies should be adopted for an intercontinental 
confrontation on climate change problem and a transition to a low-carbon society [1, 7, 
10, 11]. 
The renewable energy source that will be examined in this dissertation is solar 
energy. It is claimed that solar energy is the most important and promising one and all 
others derive from it. Predictions made, show that although the current low efficiency 
and high production cost, by 2050 solar energy will become the most used energy 
resource. Furthermore, solar energy is the first energy source used and civilizations 
harvest it from ancient times. It has been used in many applications like the desalination 
of seawater and the drying of agricultural products with high moisture content [1, 13, 
14]. 
Nowadays, solar energy is used mostly in applications producing heat and 
electricity, both for domestic and industry purposes. Photovoltaics is a sector that has 
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met great improvement over the previous years and definitely it will continue so, 
already presenting laboratory efficiencies higher than 40% and commercial units above 
20%. In Figure 1.2 the evolution of efficiencies of solar cells from 1975 until now for 
different materials is presented. 
 
 
Figure 1.2: Solar cell efficiencies [12] 
Solar heating is already a well-established commercial sector in developed countries 
that continues to grow rapidly. Also, another use of solar energy is in the building 
industry, introducing the so called passive solar buildings, which turns to be one more 
highly discussed topic aiming at reducing the domestic energy consumption [1, 12]. 
Concerning the core of the thesis, one step back from these applications should be 
made, focusing on the “fuel” that they use. All systems need first of all a precise 
estimation of solar irradiance. Also, the measurements usually taken are on horizontal 
surfaces or in sunshine hours, but most of the times solar collectors have an inclination 
for higher power and heat production. What is more, in order to calculate the direct 
solar gains in buildings for an energy efficient control of indoor climate, a conversion of 
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the horizontal data to vertical is needed, as the building elements examined are usually 
in a vertical position. 
Over the years a lot of models have been presented trying to convert the horizontal 
radiation to radiation on tilted surfaces. A review of them will be given and their results 
for the city of Thessaloniki will be presented. 
Making a small reference to the layout of this dissertation, so far in the introduction 
an attempt was made to show the urgent need of RES and especially of solar energy. 
The 2
nd
 chapter starts by giving fundamental information. A small reference to the 
sun and the solar constant is made. Then an explanation of the solar time will be made 
and a number of solar and surface angles will be carried, which are essential parts in 
every model estimating solar irradiance. These are the location’s geographical latitude, 
declination, hour angle, the slope of the examined surface, surface azimuth angle, zenith 
and solar altitude angles, the solar azimuth angle and the angle of incidence. 
Furthermore, the definition of sunrise and sunset hours and day length will be given. 
Next a description of solar irradiance will be carried, starting from the extraterrestrial 
level, passing through the atmosphere and reaching earth. The three components of 
solar radiation, beam, diffused and reflected will be presented, followed by clearness 
index and ground albedo. The chapter will end with a reference to the equipment used 
for measuring solar irradiance, which are pyrheliometers and pyranometers and the 
instruments measuring sunshine duration. 
The 3
rd
 chapter begins by classifying the models according to the way they treat 
diffuse radiation. Then the basic principles and formulas calculating beam irradiance 
will be given, which is the same for every model, diffuse irradiance and reflected 
irradiance for each model. The models analyzed are: 
 Hottel – Woertz, 
 Liu – Jordan, 
 Orgill – Hollands, 
 Erbs, 
 Koronakis, 
 Badescu, 
 Willmot, 
 Bugler, 
 Hay – Davies, 
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 Skartvelt – Olseth, 
 Temps – Coulson, 
 Klucher, 
 Perez, 
 Ma – Iqbal, 
 Gueymard, 
 Reindl and 
 Muneer 
In the end of this chapter the principles and equations of the statistical indicators that 
will evaluate the solar models will be given.  
The 4
th
 chapter will start with a description giving the location of Thessaloniki and 
the position of the meteorological station inside the campus of IHU, along with the 
different meteorological data collected. Then a reference will be made to the equipment 
that provided this information. Technical specifications and more information about the 
equipment used are given in Appendix A. 
In the 5
th
 chapter the results and the comparison of the monthly and daily analysis of 
the selected models after their setup will be presented. A statistical analysis will be held 
with the commonly used error tests, mean bias error in absolute and relative values 
(MBE and MBE %) and root mean square error in absolute and relative values (RMSE 
and RMSE %). The appropriate figures and tables will be shown for the four cardinal 
points and an inclination of 90
o
 for the city of Thessaloniki. More figures and tables will 
be included in Appendices B, C and D. 
Chapter 6 will include conclusions, stating once again the significance of the 
specific topic. Finally, a few comments will be made again upon the results, their 
comparison and the proposed solutions. 
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2 Basic of Solar Energy 
In this chapter a first approach to the topic will be made giving fundamental information 
about solar energy, starting from basic facts dealing with the importance and the 
structure of the sun along with his position. The most important part of this chapter is 
the one introducing various earth-sun and observer-sun angles in combination with 
other needed components. Those components and angles are of great importance, as 
they are essential inputs in all equations that will follow in next chapters and constitute 
the core of this dissertation. Then, a reference will be made to solar radiation and its 
parts. Also, a brief explanation of the most commonly used instruments for measuring 
the solar irradiance and the sunshine duration will be given. 
2.1 The Sun 
The sun is a spherical body of intensely hot gaseous matter and the closest star to the 
earth, affecting the climate and atmospheric motions. Its diameter is 1.39 * 10
9
 m and it 
is about 1.5 * 10
11
 m away from earth. An angle of 32΄ is formed, when the sun disk is 
observed from earth, which is an important parameter in many solar applications like 
power production from solar cells. The sun has an effective black body temperature of 
5,777 K, with a peak temperature of 15 - 40 * 10
6
 K in its center and a density 100 
times higher than water. It can be considered as a continuous fusion reactor turning 
hydrogen into helium. This energy is transferred from its core to the surface and then 
radiated to space [1, 15, 16]. In Figure 2.1 the geometry of sun-earth relationships is 
shown. 
 
 
Figure 2.1: Sun-earth relationship [1] 
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The sun’s structure composes of the core, the radiation zone, the convective zone, 
the photosphere, the reversing layer, the chromosphere and the corona. 
The core is the first 23% of the sun’s radius, generating 90% of the total energy and 
containing 40% of its mass. Radiation zone is the shell outside the core up to the 70% of 
the radius, acting as insulation and helping maintain the core’s high temperature. Within 
this layer 48% of the sun’s mass is included. After the convection zone is met until the 
surface, where convection processes start to play a significant role. The temperature 
falls to 5,000 K and density decreases to 10
-5
 kg/m
3
. The surface is made up of irregular 
convection cells called granules, small and dark areas called pores and larger dark 
surfaces called sunspots. The next layer called photosphere is an opaque surface and the 
major source of solar radiation. It is the outer part of the convective zone, composing of 
strongly ionized gases, absorbing and emitting radiation. Then, there is the reserving 
zone, a more transparent and cool layer. Outside from it and with a depth of 10,000 km, 
follows the chromosphere, in which temperature rises but density falls. Lastly, even 
further is the corona with very high temperature and very low density [15, 16]. In Figure 
2.2 a schematic approach of the sun’s structure described above is presented. 
 
 
Figure 2.2: Structure of the sun [17] 
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Concerning the total power emitted by the sun it can be estimated by multiplying the 
emitted power density with the surface area of the sun giving 9.5 * 10
25
 W [18]. The 
radiation is composed of various wavelengths and radiates in all directions. Only a tiny 
part of it is received by the earth, which corresponds to 1.7 * 10
17
 W [1, 15]. 
2.2 The Solar Constant 
The solar constant Gsc is the rate of solar energy at all wavelengths reaching a unit area 
of a surface perpendicular to the sun rays at the average distance between sun and earth, 
outside the atmosphere. Although, this value generally is taken as fixed in most 
applications, in reality is not so, because of the elliptical orbit of earth around the sun 
causing a fluctuation in the sun-earth distance by 1.7% and leading to power variation 
about 3.4%. [1, 15, 16, 18, 19]. In Figure 2.3 this variation is shown. 
 
 
Figure 2.3: Variation of extraterrestrial solar radiation with time of year [1] 
Through the past years many approaches have been made in this topic by numerous 
scientists and a large number of values have been introduced. Initially the measurements 
were taken from the ground level, having large variations. Then aircrafts and space-
crafts along with some experimental programs permitted more accurate measurements 
of the solar constant. A value of Gsc = 1367 W/m
2
, which has been adopted by the WRC 
will be used in this thesis [1, 15, 16, 19]. 
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2.3 Solar Time 
Before describing the various angles that are used in equations for solar applications, 
the solar time and its significance are going to be explained. 
In solar engineering applications it is essential to convert the local or standard time to 
solar time, as this two do not coincide. In this correction there are two steps, the 
longitude correction and the equation of time. 
Longitude correction represents the difference between the meridian of the observer 
and the meridian of the local standard time. Usually in order to find the local standard 
meridian we use as set point the Greenwich Mean Time (GMT), which has a longitude 
of 0
o
 and multiply the time difference between it and the location examined by 15. 
The correction due to the equation of time happens because of the eccentricity in the 
earth’s orbit and the declination of axis earth from the normal. As a result the speed of 
earth’s orbit does not remain constant all over the year [1, 15, 16]. 
Equation 2.1 gives the difference between solar time and local time in minutes: 
𝒔𝒐𝒍𝒂𝒓 𝒕𝒊𝒎𝒆 − 𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 𝒕𝒊𝒎𝒆 = 𝟒 ∗ (𝑳𝒔𝒕 − 𝑳𝒍𝒐𝒄) + 𝑬 (2.1) 
where, Lst is the standard longitude 
Lloc is the local longitude 
E is the equation of time 
In equation 2.2 the formula of the equation of time estimated in minutes is given and 
in Figure 2.4 the equation of time throughout the year is shown. 
𝑬 = 𝟐𝟐𝟗. 𝟐 ∗ (𝟎. 𝟎𝟎𝟎𝟎𝟕𝟓 + 𝟎. 𝟎𝟎𝟏𝟖𝟔𝟖 ∗ 𝒄𝒐𝒔𝑩 −  𝟎. 𝟎𝟑𝟐𝟎𝟕𝟕 ∗
 𝒔𝒊𝒏𝑩 –  𝟎. 𝟎𝟏𝟒𝟔𝟏𝟓 ∗  𝒄𝒐𝒔 𝟐𝑩 –  𝟎. 𝟎𝟒𝟎𝟖𝟗 ∗  𝒔𝒊𝒏 𝟐𝑩)  
(2.2) 
where, B is given from the following equation 
𝑩 = (𝒏 − 𝟏) ∗ 
𝟑𝟔𝟎
𝟑𝟔𝟓
 
 
(2.3) 
In equation 2.1 L can be between 0
o
 and 360
o
 measured in degrees west. In equation 
2.2 n can be any day of the year and B is taken from equation 2.3. Moreover, the 
daylight saving time should be determined, which is either 0 or 60 minutes, regarding 
the period of the year [1, 15, 16]. 
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Figure 2.4: Equation of time throughout the year [18] 
2.4 Solar Angles 
 
2.4.1 Latitude 
A characteristic parameter of every location, broadly used in solar applications is 
latitude φ. Latitude is the angular position of a location in respect to the equator. In the 
north hemisphere it takes values from 0
o
 to 90
o
 and in the south hemisphere it varies 
between 0
o
 and -90
o
. 
2.4.2 Declination 
The declination angle, denoted from the letter δ, shows the angular distance of the sun 
at the local meridian in relation to the equatorial plane. This angle varies seasonally, 
because of the earth’s tilt of rotation on its own axis and the elliptical orbit around the 
sun. Declination angle takes values from -23.45
o
 to 23.45
o
 and the north from the 
equator declination is considered positive. In the case that earth was not tilted, this angle 
would always be 0
o
. Also, some days over the year can be denoted as critical once. 
These dates are the summer and winter solstice and the spring and autumn equinoxes. 
Regarding the first, summer solstice takes place at 21
st
 of June and has the maximum 
daytime, while at 21
st
 of December takes place the winter solstice with the opposite 
result, as the sun-earth distance is at its minimum and the sun in the most southern 
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position. As concerns the equinoxes, the spring one is at 21
st
 of March and the autumn 
equinox at 21
st
 of September. These days have in common that both daytime and 
nighttime have duration of 12 hours. The above stated about solstices are valid for 
northern hemisphere and for the southern the reverse is true. Moreover, in Figure 2.5 are 
shown graphically what has been said until now for declination [1, 15, 16, 18]. 
 
 
Figure 2.5: Earth movement about the sun over the year [1] 
In Figure 2.6 a diagram of the variation of declination in degrees over the year is 
given. Similar is Table 2.1 showing the value of declination in the average day of each 
month [1, 15]. 
 
 
Figure 2.6: Declination variation over the year [1] 
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Table 2.1: Average values for n and δ for each month [1] 
 
MONTH DAY NUMBER 
AVERAGE DAY 
OF THE MONTH 
 
 Date n δ [deg.]  
 January i 17 17 -20.92  
 February 31 + i 16 47 -12.95  
 March 59 + i 16 75 -2.42  
 April 90 + i 15 105 9.41  
 May 120 + i 15 135 18.79  
 June 151 + i 11 162 23.09  
 July 181 + i 17 198 21.18  
 August 212 + i 16 228 13.45  
 September 243 + i 15 258 2.22  
 October 273 + i 15 288 -9.60  
 November 304 + i 14 318 -18.91  
 December 334 + i 10 344 -23.05  
 
The equation mostly used for engineering purposes is 2.4 and a more accurate is 2.5: 
𝜹 = 𝟐𝟑. 𝟒𝟓 ∗ 𝒔𝒊𝒏(𝟑𝟔𝟎 ∗  
𝟐𝟖𝟒 + 𝒏
𝟑𝟔𝟓
) (2.4) 
 
𝜹 = (
𝟏𝟖𝟎
𝝅
) ∗ (𝟎. 𝟎𝟎𝟔𝟗𝟏𝟖 − 𝟎. 𝟑𝟗𝟗𝟗𝟏𝟐 ∗ 𝒄𝒐𝒔𝑩 + 𝟎. 𝟎𝟕𝟎𝟐𝟓𝟕
∗ 𝒔𝒊𝒏𝑩 − 𝟎. 𝟎𝟎𝟔𝟕𝟓𝟖 ∗  𝒄𝒐𝒔 𝟐𝑩 + 𝟎. 𝟎𝟎𝟎𝟗𝟎𝟕
∗ 𝒔𝒊𝒏 𝟐𝑩 − 𝟎. 𝟎𝟎𝟐𝟔𝟗𝟕 ∗ 𝒄𝒐𝒔 𝟑𝑩 + 𝟎. 𝟎𝟎𝟏𝟒𝟖
∗ 𝒔𝒊𝒏 𝟑𝑩) 
(2.5) 
In the above equations we normally use noninteger values for n, as the maximum 
daily declination is 0.4
o
 and B is obtained from equation 2.3.  
2.4.3 Hour Angle 
The hour angle, ω, is the angular movement of the sun either east or west from the solar 
noon, as a result of the earth’s rotation on its axis. At solar noon the hour angle is 0o and 
-14- 
 
a displacement of 15
o
 is equivalent to 1 hour. Morning hours are considered negative, 
while evening hours are positive [1, 15, 18]. 
The hour angle can be found in degrees from equation 2.6: 
𝝎 = (𝒔𝒐𝒍𝒂𝒓 𝒕𝒊𝒎𝒆 − 𝟏𝟐) ∗ 𝟏𝟓 (2.6) 
2.4.4 Slope 
In most cases the surface of the solar collector is not placed horizontally, but has a slope 
according to latitude, in order to be as perpendicular as possible to the sun rays for the 
maximum time duration. The slope of the collector, denoted by the letter β, is the angle 
formed between the horizontal and the plane of the examined surface. It takes values 
from 0
o
 to 180
o
, where numbers higher than 90
o
 mean a down facing surface [15]. 
2.4.5 Surface Azimuth Angle 
The surface azimuth angle, γ, is designated by the angle between the normal of the 
surface on the horizontal plane and the local meridian. It can take values from -180
o
 to 
180
o
 with 0
o
 being the south. Eastward is negative and westward positive [1, 15]. 
2.4.6 Zenith Angle 
The zenith angle, θz, is the solar angle formed between the vertical and the sun’s rays. 
For beam radiation it is the same with angle of incidence on a horizontal surface [1, 15]. 
2.4.7 Solar Altitude Angle 
The complement of zenith angle, as can be seen in Figure 2.7, is the solar altitude angle 
or elevation angle, αs. Therefore, solar altitude angle is the one formed from the sun 
beams and the horizontal. At sunrise and sunset the altitude angle is 0
o
 and at solar noon 
it takes the maximum value, which is 90
o 
[1, 15, 18]. 
Equation 2.7 shows the relation of zenith and altitude angle and equation 2.8 is the 
one used to estimate solar altitude angle: 
𝜽𝒛 + 𝜶𝒔 = 
𝝅
𝟐
= 𝟗𝟎𝒐 (2.7) 
 
𝒔𝒊𝒏𝒂𝒔 = 𝒄𝒐𝒔𝝋 ∗  𝒄𝒐𝒔 𝜹 ∗  𝒄𝒐𝒔𝝎 + 𝒔𝒊𝒏𝝋 ∗  𝒔𝒊𝒏 𝜹 (2.8) 
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Figure 2.7: Zenith and altitude angle [18] 
2.4.8 Solar Azimuth Angle 
The solar azimuth angle, denoted with γs, is the angular displacement of direct radiation 
on a horizontal plane from south. Eastward displacement is negative and westward is 
positive. It can get values between -180
o
 and 180
o 
[1, 15, 18]. 
Solar azimuth angle has the same sign as the hour angle and equation 2.9 can be 
used for its calculation: 
𝜸𝒔 = 𝒔𝒊𝒈𝒏(𝝎) |𝒄𝒐𝒔
−𝟏(
𝒄𝒐𝒔 𝜽𝒛 ∗  𝒔𝒊𝒏𝝋 − 𝒔𝒊𝒏 𝜹 
𝒔𝒊𝒏𝜽𝒛 ∗  𝒄𝒐𝒔𝝋
)|           (2.9) 
In the left part of Figure 2.8 various angles that have been explained in this 
paragraph are shown for a tilted surface. In the right part of Figure 2.8 a plan view of 
solar azimuth angle is given. 
 
 
Figure 2.8: Various angles for a tilted surface and plan view of solar azimuth angle [15] 
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2.4.9 Angle of Incidence 
The angle of incidence, θ, is the angle designated by the normal of a surface and the 
beam radiation incident on it. As said before, for horizontal surfaces the incident angle 
is the same with the zenith angle [1, 15]. 
A set of equations are available, relating the angle of incidence with the previous 
mentioned angles. The general equations are 2.10 and 2.11: 
𝒄𝒐𝒔𝜽 = 𝒔𝒊𝒏 𝜹 ∗ 𝒔𝒊𝒏𝝋 ∗ 𝒄𝒐𝒔𝜷 − 𝒔𝒊𝒏𝜹 ∗ 𝒄𝒐𝒔𝝋 ∗ 𝒔𝒊𝒏𝜷 ∗ 𝒄𝒐𝒔 𝜸
+ 𝒄𝒐𝒔 𝜹 ∗ 𝒄𝒐𝒔𝝋 ∗ 𝒄𝒐𝒔𝜷 ∗ 𝒄𝒐𝒔𝝎 + 𝒄𝒐𝒔 𝜹 ∗ 𝒔𝒊𝒏𝝋
∗ 𝒔𝒊𝒏𝜷 ∗ 𝒄𝒐𝒔 𝜸 ∗ 𝒄𝒐𝒔𝝎 + 𝒄𝒐𝒔 𝜹 ∗ 𝒔𝒊𝒏𝜷
∗  𝒔𝒊𝒏 𝜸 ∗ 𝒔𝒊𝒏𝝎 
(2.10) 
 
𝒄𝒐𝒔𝜽 =  𝒄𝒐𝒔 𝜽𝒛 ∗  𝒄𝒐𝒔𝜷 + 𝒔𝒊𝒏𝜽𝒛 ∗  𝒔𝒊𝒏𝜷 ∗ 𝒄𝒐𝒔(𝜸𝒔 − 𝜸) (2.11) 
 
It should be noted that the angle of incidence can be higher than 90
o
 and that in 
equation 2.10 the hour angle should be between sunrise and sunset [15]. 
Also, a number of simplified cases can occur. In the case of fixed tilted surfaces 
either towards south or north, meaning that the surface azimuth angle is 0
o
 or 180
o 
respectively, the last term of equation 2.10 can be omitted. This is very common to 
happen in fixed plate collectors [15]. 
For horizontal surfaces, where zenith angle and angle of incidence are the same and 
the slope angle is 0
o
, equation 2.10 becomes: 
𝒄𝒐𝒔𝜽𝒛 = 𝒄𝒐𝒔𝝋 ∗ 𝒄𝒐𝒔 𝜹 ∗ 𝒄𝒐𝒔𝝎 + 𝒔𝒊𝒏𝝋 ∗ 𝒔𝒊𝒏𝜹 (2.12) 
For vertical surfaces, where the slope is 90
o
 we have: 
𝒄𝒐𝒔𝜽 =  −𝒔𝒊𝒏 𝜹 ∗ 𝒄𝒐𝒔𝝋 ∗  𝒄𝒐𝒔 𝜸 + 𝒄𝒐𝒔 𝜹 ∗ 𝒔𝒊𝒏𝝋 ∗ 𝒄𝒐𝒔 𝜸 ∗
 𝒄𝒐𝒔𝝎 + 𝒄𝒐𝒔 𝜹 ∗  𝒔𝒊𝒏 𝜸 ∗  𝒔𝒊𝒏𝝎  
(2.13) 
Lastly, for the extreme case of solar noon and a south facing tilted surface in the 
northern hemisphere we have: 
𝜽𝒏𝒐𝒐𝒏 = |𝝋 − 𝜹 − 𝜷| (2.14) 
2.4.10 Sunrise and Sunset Hours and Day Length 
It is sometimes useful to know the sunrise and sunset hours. At the moment that sun 
rises or sets the altitude angle is 0
o
 and the zenith angle is 90
o
. So, the sunset hour angle, 
ωs, can be estimated from equation 2.15: 
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𝒄𝒐𝒔𝝎𝒔 = −
𝒔𝒊𝒏𝝋 ∗ 𝒔𝒊𝒏𝜹
𝒄𝒐𝒔𝝋 ∗ 𝒄𝒐𝒔 𝜹
=  − 𝒕𝒂𝒏𝝋 ∗ 𝒕𝒂𝒏𝜹 (2.15) 
With a change of the sign in the above equation we get the sunrise hour angle. 
Because at solar noon the value of hour angle is 0
o
 and knowing that every 
displacement of 15
o
 is similar to 1 hour, the time of sunrise and sunset can be 
calculated. But, usually it is even more important to know the daylight hours, N, having 
only to multiply the sunrise or sunset time with 2 [1, 15]. Equation 2.16 gives the 
number of daylight hours: 
𝑵 = 
𝟐
𝟏𝟓
∗  𝒄𝒐𝒔−𝟏(− 𝒕𝒂𝒏𝝋 ∗ 𝒕𝒂𝒏𝜹) (2.16) 
In Figure 2.9 a nomogram for estimating the day length and sunset time in respect to 
latitude, declination and season is given. An example is given along with the monogram 
for a location with φ = 39ο and δ = 20o. These values lead to sunset hour of 7:08 pm for 
summer and 4:52 pm for winter. Moreover, the day length in summer is 14.28 hours and 
in winter 9.72 hours [20]. 
 
 
Figure 2.9: Nomogram estimating day length and sunset hour [20] 
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2.5 Solar Irradiance 
 
2.5.1 Distribution and Variation of Extraterrestrial Solar Radiation 
By the term extraterrestrial radiation the received radiation in the absence of atmosphere 
is meant. In Figure 2.10 the spectral irradiance in wavelengths from 0.2-3.2, which is 
the part of the spectrum that is of use, is presented. Also, in the upper right the entire 
electromagnetic radiation spectrum is given [1, 15]. 
 
 
Figure 2.10: Solar spectral irradiance and the entire electromagnetic spectrum [1] 
In order to point the dependence of extraterrestrial solar radiation by the time of the 
year a couple of equations will be given. The first is a simple one, but accurate enough 
for engineering applications and the second is a little more complex [1, 15, 16]. 
𝑮𝒐𝒏 = 𝑮𝒔𝒄 ∗ (𝟏 + 𝟎. 𝟎𝟑𝟑 ∗ 𝒄𝒐𝒔
𝟑𝟔𝟎 ∗ 𝒏
𝟑𝟔𝟓
) (2.17) 
 
𝑮𝒐𝒏 = 𝑮𝒔𝒄 ∗ (𝟏. 𝟎𝟎𝟎𝟏𝟏𝟎 + 𝟎. 𝟎𝟑𝟒𝟐𝟐𝟏 ∗ 𝒄𝒐𝒔𝑩 + 𝟎. 𝟎𝟎𝟏𝟐𝟖𝟎 ∗ 𝒔𝒊𝒏𝑩
+ 𝟎. 𝟎𝟎𝟎𝟕𝟏𝟗 ∗ 𝒄𝒐𝒔 𝟐𝑩 + 𝟎. 𝟎𝟎𝟎𝟎𝟕𝟕 ∗ 𝒔𝒊𝒏𝟐𝑩) 
 
(2.18) 
where, Gon is the extraterrestrial radiation measured on the plane normal to the radiation 
on the nth day of the year 
Gsc is the solar constant 
n is the day of the year in question and 
B is given from equation 2.3 
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2.5.2 Extraterrestrial Solar Radiation on Horizontal Surfaces 
In most cases measurements of solar radiation are taken on horizontal surfaces. In order 
to calculate the extraterrestrial solar radiation on a horizontal surface at any time of the 
day between sunrise and sunset equation 2.19 is used. If the term cos θz is analyzed, it 
leads to equation 2.20. 
𝑮𝒐 = 𝑮𝒔𝒄 ∗ (𝟏 + 𝟎. 𝟎𝟑𝟑 ∗ 𝒄𝒐𝒔
𝟑𝟔𝟎 ∗ 𝒏
𝟑𝟔𝟓
) ∗ 𝒄𝒐𝒔 𝜽𝒛 (2.19) 
 
𝑮𝒐 = 𝑮𝒔𝒄 ∗ (𝟏 + 𝟎. 𝟎𝟑𝟑 ∗ 𝒄𝒐𝒔
𝟑𝟔𝟎 ∗ 𝒏
𝟑𝟔𝟓
) ∗ (𝒄𝒐𝒔𝝋 ∗ 𝒄𝒐𝒔 𝜹 ∗ 𝒄𝒐𝒔𝝎
+ 𝒔𝒊𝒏𝝋 ∗ 𝒔𝒊𝒏 𝜹) 
(2.20) 
 
Furthermore, in many cases the daily solar radiation Ho or 𝐇𝐨̅̅ ̅̅  needs to be estimated, 
which is the monthly average radiation. Average day is considered the one having Ho 
closest to 𝐇𝐨̅̅ ̅̅ . In these circumstances equation 2.21 can be used with the help of the 
previously given Table 2.1 for obtaining the right values for n and δ for each month of 
the year [1, 15]. 
The equation that is used for calculating the monthly or monthly mean 
extraterrestrial radiation is: 
𝑯𝒐 =
𝟐𝟒 ∗ 𝟑𝟔𝟎𝟎 ∗ 𝑮𝒔𝒄
𝝅
∗ (𝟏 + 𝟎. 𝟎𝟑𝟑 ∗ 𝒄𝒐𝒔
𝟑𝟔𝟎 ∗ 𝒏
𝟑𝟔𝟓
) ∗ (𝒄𝒐𝒔𝝋 ∗ 𝒄𝒐𝒔 𝜹
∗ 𝒔𝒊𝒏𝝎𝒔 +
𝝅 ∗ 𝝎𝒔
𝟏𝟖𝟎
∗  𝒔𝒊𝒏𝝋 ∗ 𝒔𝒊𝒏 𝜹) 
(2.21) 
Also, sometimes the hourly Io extraterrestrial radiation on a horizontal surface needs 
to be estimate. When estimating Io the two hour limits should be specified, which is 
possible to have a difference larger than 1 hour. 
𝑰𝒐 =
𝟏𝟐 ∗ 𝟑𝟔𝟎𝟎 ∗  𝑮𝒔𝒄
𝝅
∗ (𝟏 + 𝟎. 𝟎𝟑𝟑 ∗ 𝒄𝒐𝒔
𝟑𝟔𝟎 ∗ 𝒏
𝟑𝟔𝟓
) ∗ (𝒄𝒐𝒔𝝋 ∗ 𝒄𝒐𝒔 𝜹
∗ (𝒔𝒊𝒏𝝎𝟐  − 𝒔𝒊𝒏𝝎𝟏) +
𝝅 ∗ (𝝎𝟐 −𝝎𝟏)
𝟏𝟖𝟎
∗  𝒔𝒊𝒏𝝋 ∗ 𝒔𝒊𝒏 𝜹) 
(2.22) 
Because the above used symbols can easily be confused and they will be 
fundamental terms in this dissertation, it is of outmost importance to figure out their 
difference. When using G, it represents the solar irradiance, which is the rate of energy 
incident on a surface per unit area and the units are W/m
2
. When using H and I we mean 
daily and hourly irradiation respectively. Irradiation, or also called insolation in the case 
of solar irradiance, is the energy radiated on a surface per unit area. So the difference 
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between irradiance and irradiation is the integration over a specific time period. 
Irradiation is measured in J/m
2 
[1]. 
2.5.3 Atmospheric Effects and Air Mass 
Until now what happens with solar radiation outside the atmosphere has been explained. 
But, still have to be seen how it is reduced as it enters the atmosphere, because this is 
what really matters in solar applications. 
Although solar radiation outside the atmosphere is relative constant, as it reaches the 
earth’s surface it is reduced for a number of reasons: 
 Latitude of location. 
 Distance travelled inside atmosphere. 
 Season and time of year and day. 
 Atmospheric effects like scattering, absorption and reflection. 
 Thickness of ozone layer. 
 Local variations in atmosphere, including water vapor and dust particles. 
 Amount of cloud coverage. 
All the above mentioned reasons lead to a significant reduction in the amount of 
solar radiation. As it is showed in Figure 2.11 large part of the extraterrestrial radiation 
is absorbed, scattered or reflected back to space. What is more, the percentages lost in 
different layers and for various reasons as the radiation travels through the atmosphere 
are presented [1, 18]. 
In this point a new term called air mass needs to be introduced and its symbol is m. 
Air mass can be defined as the ratio of the distance that the solar radiation have to travel 
until reaching the sea level over the length that would cover if the sun is directly 
overhead at its zenith. As can be understood air mass is related to the zenith angle θz 
and for angles between 0
o
 and 70
o
 it can be approximated from equation 2.23 [1, 15]. 
𝒎 = 
𝟏
𝒄𝒐𝒔𝜽𝒛
 (2.23) 
 
-21- 
 
 
Figure 2.11: Atmospheric effects [18] 
Therefore, typical values for air mass is 0 (AM0) in the absence of atmosphere, 1 
(AM1) when the sun is at the zenith and θz is 0
o
 and m = 2 (AM2) for θz = 60
o
. A value 
commonly used for engineering applications at ground level is AM1.5 either for global 
or only for diffused radiation giving in the case of global radiation nearly 1000 W/m
2
. 
In Figure 2.12 the effect of air mass in the solar irradiance through the solar 
spectrum is shown. The green line represents the irradiance of a blackbody, the red one 
the solar irradiance when having AM0 and the blue line shows the irradiance for 
AM1.5. Also, the visible wavelengths are obvious and the reason of the reduction of 
solar irradiance in each part written in the figure [1, 15, 18]. 
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Figure 2.12: Effect of air mass in solar irradiance [18] 
2.5.4 Components of Solar Radiation 
Another issue that has to be clarified at this point is the components of solar radiation. 
In the previous paragraphs we have seen about scattering, reflection, as well as the 
terms global and diffused radiation. In this paragraph these terms are going to be 
explained. 
Starting from beam or direct radiation, this term refers to solar radiation that reaches 
earth’s surface without being absorbed or scattered by atmosphere. In most cases beam 
radiation is the largest part and the subscript used is b. 
Diffused radiation, or also called solar sky radiation, is the solar radiation received 
after having been scattered by the atmosphere and changed direction. Usually it takes 
values smaller than beam radiation and the subscript used is d. 
Another component is the solar radiation reflected from the ground. More will be 
said later, where the ground albedo ρg will be explained. Reflected radiation is only a 
small part of the total radiation and we use for subscript r. 
In Figure 2.13 the above described components of solar radiation are shown. 
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Figure 2.13: Components of solar radiation [21] 
Total or global solar radiation is the sum of the above mentioned components, beam, 
diffused and reflected radiation and equation 2.24 is used for a flat surface [1, 15]. 
𝑮 = 𝑮𝒃 + 𝑮𝒅 + 𝑮𝒓 (2.24) 
where, G is total radiation incident on a flat surface 
Gb is beam radiation 
Gd is diffused radiation 
Gr is ground-reflected radiation 
Equation 2.24 except from irradiance can also be used for daily and hourly 
irradiation. 
2.6 Clearness Index 
With the help of a parameter called clearness index, KT, or as initially referred, 
cloudiness index, it is possible to determine the effect of attenuation of solar radiation 
due to the existence of clouds in the sky. This factor is very useful in order to predict the 
long term performance of solar system. Usually it is expressed as a monthly average 
clearness index, given by equation 2.25: 
?̅?𝑻 = 
?̅?
?̅?𝒐
 (2.25) 
where, ?̅? is the monthly mean insolation, incident on a horizontal surface. 
?̅?o is the monthly mean extraterrestrial insolation, incident on a horizontal 
surface. 
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Except from the monthly average clearness index, the daily and hourly clearness 
indexes can be expressed. 
The values for the extraterrestrial insolation can be calculated from equations given 
in the beginning of this chapter and insolation is measured with pyranometers [1, 15]. 
In recent years more complex equations have been developed, giving accurate 
distribution curves for a large number of locations. These equations will not be analyzed 
in this dissertation, but in Figure 2.14 we give a set of generalized distribution curves 
showing the frequency related to ?̅?T and 𝐊T. 
 
 
Figure 2.14: Generalized distribution curves for clearness index [15] 
2.7 Ground Albedo 
Ground albedo or ground reflectivity, denoted with ρg, is a dimensionless factor used to 
show at what percentage beam or diffused radiation incident on a surface is reflected 
back from it. Equation 2.26 gives a simple definition of this term: 
𝝆𝒈 = 
𝑹𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏 𝒓𝒆𝒇𝒍𝒆𝒄𝒕𝒆𝒅 𝒇𝒓𝒐𝒎 𝒂 𝒔𝒖𝒓𝒇𝒂𝒄𝒆
𝑹𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏 𝒊𝒏𝒄𝒊𝒅𝒆𝒏𝒕 𝒐𝒏 𝒂 𝒔𝒖𝒓𝒇𝒂𝒄𝒆
 (2.26) 
It is very important to know the reflectivity coefficient of a surface, as it can 
significantly influence the performance of a solar system with inclination. Black 
surfaces absorb high amounts of radiation, so reflect less, while white surfaces like 
snow reflect most of the incident radiation upon them. As seen in Table 2.2 ground 
albedo depends vastly on surface properties like material, humidity and geometry. Also, 
the direction and hemispherical distribution of incident radiation plays important role. 
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In engineering applications, when measurements of ground albedo for our location are 
not available, a constant value of 0.2 is usually proposed [16, 22]. 
Table 2.2: Ground albedo in various surface conditions [23] 
 SURFACE 
PERCENT 
REFLECTED 
 
 Fresh snow 80 – 90  
 Old snow 50 – 60  
 Sand (beach, desert) 20 – 40  
 Grass 5 – 25  
 Dry soil (plowed field) 15 – 25  
 Wet earth (plowed field) 10  
 Forest 5 – 10   
 Water (sun near horizon) 50 – 80  
 Water (sun near zenith) 5 – 10  
 Thick cloud 70 – 85  
 Thin cloud 25 – 30  
 Earth and atmosphere (overall total) 30  
2.8 Equipment Measuring Solar Irradiance 
In solar applications it is essential to know the intensity of solar radiation in the location 
of interest. It is not convenient to have predictions of extraterrestrial radiation, but is 
much more accurate to have measurements from the field in question. Normally, daily 
or even hourly data about total, beam and diffuse solar radiation on a horizontal surface 
can be obtained. Sometimes it is also possible to have monthly information and rarely 
data are available on inclined surfaces. The two most commonly used instruments that 
will be presented, are pyrheliometers and pyranometers [1, 15, 18]. 
2.8.1 Pyrheliometers 
A pyrheliometer, or sometimes also called actinometer, is used in order to measure the 
beam component of solar irradiance. In this case diffuse radiation is blocked by placing 
the sensor at the bottom of the collimating tube, which points directly at the sun. They 
are usually called normal incidence pyrheliometers or NIP and require a two axis 
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tracking device to sustain the sun within the acceptable angle. The aperture angle 
formed at any time from the detector towards the sun is 5.7
o
. With this angle and the 
dimensions used in the design of the collimating tube, not only the radiation from the 
sun is measured, but also from a part of the sky around the sun. The first to develop 
pyrheliometers more than a century ago were Abbot and Angstrom. Abbot introduced 
the water flow instruments, where the absorbed solar radiation used to heat water in one 
chamber of the device, while the other is heated electrically. The Angstrom 
pyrheliometer used two identical strips, one exposed to radiation and the other shaded. 
Current passed through them until there was no temperature difference between the 
strips. From then many modifications have been made and nowadays the Eppley NIP 
and the Kipp & Zonen actinometer are usually used. Below a couple of figures from the 
Eppley pyrheliometers are shown [1, 15, 16, 24]. In Figure 2.15 we give a picture of the 
instrument mounted on a tracking system. 
 
 
Figure 2.15: Eppley NIP mounted on a tracking system [16] 
In Figure 2.16 a cross section of the Eppley NIP is given. At the end of the 
collimating tube the detector is placed, pointing at the sun with an aperture angle of 
5.7
o
. The tube in front has a window and is blackened from the inside with a number of 
diaphragms [15].  
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Figure 2.16: Cross section of the Eppley NIP [15] 
2.8.2 Pyranometers 
A pyranometer, or also called solarimeter, is the instrument used in most cases for solar 
irradiance measurements. It has the ability to measure global irradiance, direct and 
diffuse, independent from wavelength and angle of incidence. They have one or two 
hemispherical glass covers around the detector allowing the solar radiation passing from 
all directions. Two of the most popular pyranometers are the Eppley and the Moll-
Gorczynski operating with thermopile detectors. These instruments use glass covers 
with transmittance higher than 90% and black coated detectors inside them. They 
should be maintained well and calibrated in order to diminish errors related to the 
cosine and azimuth effect, working accurately at temperatures from -20
o
C to +40
o
C. In 
Figure 2.17 a picture of an Eppley black and white pyranometers is given [1, 15, 16, 18, 
24]. 
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Figure 2.17: Cross section of the Eppley NIP [1] 
Other pyranometers operate based on the photovoltaic effect. They are less 
expensive and more easily handled than the thermopile, but less accurate at 
measurements. They face additional errors like the ground radiated component and the 
main drawback is the selective response of solar cells to the solar spectrum. This 
disadvantage is presented in Figure 2.18 for the case of a silicon solar cell [15, 16, 24]. 
 
Figure 2.18: Spectral response of silicon solar cell compared to solar radiation [24] 
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Furthermore, pyranometers can be used in measurements of the diffuse component 
of solar radiation with the aid of a shading inclined band, placed at a position preventing 
the beam radiation reaching the detector. Small adjustments in the slope of the ring need 
to be made every few days, because of declination and correction factors from 1.05 to 
1.20 should be taken into account in the estimations. In Figure 2.19 an Eppley 
pyranometer with a shadow ring is shown [1, 15, 16, 24]. 
 
 
Figure 2.19: Eppley pyranometer with a shading ring [16] 
What is more, in the case of pyranometers it is possible of taking measurements on 
inclined surfaces. This is very important in estimating the performance of solar 
collectors, as usually they are placed with a tilt. However, correction factors should 
again be used ranging from 1-2%, because of the way that heat is transferred inside the 
glass cover [15, 16, 24]. 
Also, the ground albedo can be measured simply with the help of two identical 
pyranometers. They should be placed some meters above the ground, one facing the 
ground and the other towards the sky [16]. 
2.9 Equipment Measuring Sunshine Duration 
Instead of using the previously mentioned pyrheliometers and pyranometers, there is 
another way of measuring solar irradiance. It can be estimated from the sunshine 
duration, which is a cheaper, but less accurate method. Sunshine duration is the time 
period that sun rays are so intense that can cast a shadow or, as adopted from the World 
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Meteorological Organization (WMO), the time during which direct irradiance exceeds 
the threshold of 120 W/m
2
. There are two types of sunshine sensors used, the focusing 
type and the photoelectric type. 
2.9.1 Campbell – Stokes Sunshine Recorder 
The Campbell-Stokes recorder is a focusing type sunshine sensor. It was invented by 
Campbell in 1853 and modified by Stokes in 1879, consisting of a spherical solid glass 
with a diameter of approximately 10 cm. 
It operates like a lens supported on a spherical bowl and produces inside the bowl an 
image of the sun. A chemically treated thin card with time marking is used and burned 
whenever beam radiation exceeds the limit of 120 W/m
2
. From the burned portion of the 
card the duration of bright sunshine through the day can be estimated. The card should 
be changed depending on the season, as the sun’s altitude changes. One set is for 
summer, a second for winter and a third for spring and autumn measurements. 
A big disadvantage is the humidity on the card. Under dry conditions the level for 
starting burning may be 70 W/m
2
, while at humid conditions it can reach 280 W/m
2
. 
Also, the trace left on the card is possible to vary from different observers and the level 
of intensity cannot be estimated [1, 15, 16, 18, 24]. In Figure 2.20 a Campbell-Stokes 
sunshine recorder is shown. 
 
 
Figure 2.20: Campbell-Stokes sunshine recorder [16] 
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2.9.2 Foster Sunshine Recorder 
Foster sunshine switch is a photoelectric sunshine recorder based on photovoltaic 
sensors. It was developed by the United States Weather Bureau and reported in 1953, 
consisting of two selenium photovoltaic cells, one exposed to beam radiation and the 
other shaded with a ring. When there is no direct radiation the detectors have similar 
values, while in the case of incident radiation the difference between the cells give the 
duration of sunshine. It is more convenient than the Campbell-Stokes recorder, as it 
present the measurements in a digital form and does not require changing the special 
card on a daily basis [1, 15, 16, 24]. In Figure 2.21 the Foster sunshine recorder is 
shown. 
 
 
Figure 2.21: Foster sunshine switch [24] 
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3 Solar Radiation Models 
This chapter deals with the numerous models that are available for the estimation of 
global irradiance on tilted surfaces, but also a reference will be made to sunshine solar 
models, which estimate total irradiance on horizontal surfaces. First a brief paragraph 
will be placed, explaining how they are classified to isotropic or anisotropic. Then, a 
number of models from each category, including the most widely used, will be 
described, giving the basic principles and mathematical formulas. After that some basic 
statistical error tests will take place, evaluating the performance of each model. 
3.1 Classification of Models 
To begin with, collectors usually are placed on a sloped position and not horizontally 
for enhanced performance. But, most of the times the available measurements are taken 
for horizontal surfaces or normal incidence and their conversion to tilted ones are of 
outmost importance. 
In the previous chapter the components of solar radiation have been explained. 
Regarding the classification of the different models, the diffuse part is the most 
interesting one. According to it, two main categories of solar radiation models are 
formed, the isotropic and the anisotropic. 
The first category, isotropic models, takes into account only the isotropic part of 
diffused radiation. This means that the entire intensity is received uniformly from the 
whole sky dome and depends on the fraction of the sky seen by the inclined surface. 
These models and especially the Liu – Jordan are widely used in solar engineering 
estimations, as they are simple in use and usually offer a good enough result [1, 15, 25]. 
Concerning the anisotropic models, they are improved methods, analyzing in better 
detail the diffused part of solar radiation. Except from the isotropic component, two 
more components are participating in these calculations. The first of the two is the 
circumsolar, which is the part around the solar region forming a disc. It is the result of 
the forward scattered radiation that is concentrated near the solar region. The third 
component of diffused radiation is the horizon brightening, which refers to solar 
radiation focused on the horizon and is more often seen during clear days [15]. In 
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Figure 3.1 the different components of diffused radiation described, along with beam 
and ground reflected ones are shown for an inclined surface. 
 
Figure 3.1: Components of solar radiation for anisotropic models on inclined surface 
[15] 
In equation 3.1 the total irradiance incident on a tilted surface is given: 
𝑮𝑻 = 𝑮𝑻,𝒃 + 𝑮𝑻,𝒅,𝒊𝒔𝒐 + 𝑮𝑻,𝒅,𝒄𝒔 + 𝑮𝑻,𝒅,𝒉𝒛 + 𝑮𝑻,𝒓 (3.1) 
where, GT is total irradiance incident on an inclined surface 
GT,b is beam irradiance incident on an inclined surface 
GT,d,iso is isotropic diffused irradiance incident on an inclined surface 
GT,d,cs is circumsolar diffused irradiance incident on an inclined surface 
GT,d,hz is horizon diffused irradiance incident on an inclined surface 
GT,r is ground-reflected radiation incident on an inclined surface 
In the above equation instead of calculating solar irradiance, it is also possible to 
estimate solar irradiation. 
Many approaches have been made and a large number of models have been 
introduced over the years. There are a lot anisotropic models used with varying 
complexity and a continuous revising of them takes place. In the case of a completely 
overcast sky, the anisotropic models are the same to the isotropic ones. Anisotropic 
models may be more complex, but they offer high accuracy in their estimations. 
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Furthermore, it is useful to state that models can be classified to isotropic or 
anisotropic regarding the ground-reflected radiation. The isotropic consider this term 
uniform with respect to direction, while the anisotropic ones are based on the direction 
of reflected radiation [25]. 
What is more, the classification can be made according to the prevailing weather 
conditions. Some models require clear sky conditions, while others are precise for 
cloudy skies. Also, a number of solar models are valid for both cases [25]. 
3.2 Beam Solar Radiation 
In all solar models (except from sunshine solar models) that are going to be examined 
the part of beam radiation is identical. It is simply estimated by geometrical 
calculations, converting the beam horizontal radiation to beam radiation on a tilted 
surface [1, 15, 25]. Equation 3.2 is used for this procedure: 
𝑮𝑻,𝒃 = 𝑮𝒃 ∗  𝒄𝒐𝒔 𝜽 (3.2) 
where, GT,b is beam radiation incident on an inclined surface 
Gb is beam radiation incident on an horizontal surface 
θ is the angle of incidence 
3.3 Diffused Solar Radiation 
In the following solar models the estimation of diffused radiation is different for each 
one. According each separately described model the corresponding equations will be 
given for the case of a tilted surface and taking into account only the diffused solar 
component. First six isotropic models will be presented, then eleven anisotropic models 
and finally three models based on sunshine duration, all given in chronological order. 
The models related to sunshine duration are independent of the component of solar 
radiation, slope of the examined surface and orientation, but are given in this paragraph 
in order to have all solar models gathered together. 
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3.3.1 Isotropic Solar Models 
 
3.3.1.1 Hottel and Woertz Model 
Hotel and Woertz introduced in 1942 the first principles of the isotropic models. Until 
then all solar radiation was treated as beam radiation. Their assumption was that except 
from beam radiation, another component affects the tilted surfaces, which is the sum of 
diffused and ground-reflected radiation, regardless of orientation. Upon this assumption 
many scientists have worked and based their solar models [15, 26, 27, 28]. 
3.3.1.2 Liu and Jordan Model 
Liu and Jordan model is an isotropic solar model developed in 1963. It is an 
improvement of the previous found anisotropic model of Hottel and Woertz model. It is 
a simple model depending only to the inclination of the examined surface, without 
taking into account azimuth and zenith angles. Because of its simplicity this model is 
broadly used in engineering calculations, but often leads to underestimation of solar 
radiation, as it ignores parts of the diffused radiation. Also, a result of this treatment of 
diffused radiation is that yields pretty good estimations for overcast conditions [13, 15, 
25, 28, 29, 30, 31, 32, 33, 34, 35, 36]. The mathematical formula of this model is: 
𝑮𝑻,𝒅 = 
𝟏
𝟐
∗ 𝑮𝒅 ∗ (𝟏 + 𝐜𝐨𝐬𝜷) (3.3) 
where, GT,d is diffused radiation incident on an inclined surface 
Gd is diffused radiation incident on an horizontal surface 
β is the surface inclination angle from the horizontal 
3.3.1.3 Orgill and Hollands Model 
Orgill and Hollands model is based on Liu and Jordan model and published in 1977. 
The estimations were based on measurements for global and diffused radiation between 
1967 and 1971 in the region of Toronto, Canada. The difference in this solar model is 
that it uses as only variable the hourly clearness index in order to calculate the hourly 
diffused insolation. Moreover, for the calculation of beam irradiance another equation is 
used instead of equation 3.2 [37, 38]. The formulas used in this model are: 
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𝑰𝒅 = {
𝟏 − 𝟎. 𝟐𝟒𝟗 ∗  𝒌𝑻 ; 𝒌𝑻 < 𝟎. 𝟑𝟓
𝟏. 𝟓𝟕𝟕 − 𝟏. 𝟖𝟒 ∗  𝒌𝑻 ; 𝟎. 𝟑𝟓 ≤ 𝒌𝑻  ≤ 𝟎. 𝟕𝟓
𝟎. 𝟏𝟕𝟕 ; 𝒌𝑻 > 𝟎. 𝟕𝟓
 (3.4) 
where, Id is hourly diffused radiation incident on a horizontal surface 
kT is the hourly clearness index 
 
𝑰𝒃 = 
𝑯 ∗  (𝟏 − 𝑰𝒅)
𝐬𝐢𝐧𝜶𝒔
 (3.5) 
where, Ib is hourly beam radiation incident on a horizontal surface 
H is the monthly average global radiation on a horizontal surface 
Id is hourly diffused radiation incident on a horizontal surface 
αs is the elevation angle 
3.3.1.4 Erbs et al. Model 
Erbs et al. model is another isotropic solar model, published in 1982, using as only 
variable the hourly clearness index. The model is based on global and beam hourly 
values on a horizontal surface, taking data form 5 stations in USA with latitudes ranging 
from 31
o
 to 42
o 
and for duration between 1 to 4 years [37, 39]. The equation used in this 
model is: 
𝑰𝒅 = 
{
 
 
 
 
𝟏 − 𝟎. 𝟎𝟗 ∗ 𝒌𝑻 ; 𝒌𝑻 ≤ 𝟎. 𝟐𝟐
𝟎. 𝟗𝟓𝟏𝟏 − 𝟎. 𝟏𝟔𝟎𝟒 ∗  𝒌𝑻
+ 𝟎. 𝟏𝟔𝟎𝟒 ∗  𝒌𝑻 + 𝟒. 𝟑𝟖𝟖 ∗ 𝒌𝑻
𝟐
+𝟏𝟔. 𝟔𝟑𝟖 ∗ 𝒌𝑻
𝟑
 
+ 𝟏𝟐. 𝟑𝟑𝟔 ∗ 𝒌𝑻
𝟒 ; 𝟎. 𝟐𝟐 < 𝒌𝑻  ≤ 𝟎. 𝟖
𝟎. 𝟏𝟔𝟓 ; 𝒌𝑻 > 𝟎.𝟖
 (3.6) 
3.3.1.5 Koronakis Model 
Koronakis model is an isotropic solar model developed in 1986. It is another simplified 
method estimating solar irradiance, which was based on Liu and Jordan model and 
modified it. The modification was based on the finding that in northern hemisphere, the 
southern part of the sky is responsible for 63% of total diffused radiation. Furthermore, 
for vertical surfaces provides the 66.7% of total diffused irradiance [13, 30, 32, 33, 35, 
36, 40]. The equation used by this model for the solar diffused part is: 
𝑮𝑻,𝒅 = 
𝟏
𝟑
∗ 𝑮𝒅 ∗ (𝟐 + 𝒄𝒐𝒔𝜷) (3.7) 
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3.3.1.6 Badescu Model 
Badescu model is an isotropic model or as sometimes called a pseudo-isotropic model, 
introduced in 2002 [13, 30, 31, 32, 33, 41]. The formula used is: 
𝑮𝑻,𝒅 = 
𝟏
𝟒
∗ 𝑮𝒅 ∗ (𝟑 + 𝒄𝒐𝒔 𝟐𝜷) (3.8) 
3.3.2 Anisotropic Solar Models 
 
3.3.2.1 Bugler Model 
The anisotropic model of Bugler was developed in 1977 after modifying the isotropic 
model of Liu and Jordan. It includes the circumsolar diffused and the irradiance coming 
from the rest of the sky dome depending on the angular height of sun over the horizon 
[13, 33, 35, 36, 42, 43]. The formula used is: 
𝑮𝑻,𝒅 = [(𝑮𝒅 − 𝟎. 𝟎𝟓 ∗ 
𝑮𝑻,𝒃
𝒄𝒐𝒔𝜽𝒛
) ∗  
𝟏 + 𝒄𝒐𝒔𝜷
𝟐
] + 𝟎, 𝟎𝟓 ∗ 𝑮𝑻,𝒃 ∗  𝒄𝒐𝒔 𝜽 (3.9) 
3.3.2.2 Temps and Coulson Model 
Another solar model introduced in 1977 was the Temps and Coulson anisotropic model. 
Again, this model is based on the Liu and Jordan model and is applicable only for 
estimations under clear sky conditions. It introduces two terms, M1 and M2. The first 
evaluates the diffused irradiance around the sun’s disc and is the factor responsible for 
not being appropriate under overcast conditions, as it does not take into account the 
cloud coverage and the second the irradiance close to the horizon [13, 25, 30, 33, 34, 
35, 36, 43, 44]. The equation used is: 
𝑮𝑻,𝒅 = 
𝟏
𝟐
∗ 𝑮𝒅 ∗ (𝟏 + 𝒄𝒐𝒔𝜷) ∗ 𝑴𝟏 ∗ 𝑴𝟐 (3.10) 
where,  
𝑴𝟏 = 𝟏 + 𝒄𝒐𝒔
𝟐 𝜽 ∗ 𝒔𝒊𝒏𝟑 𝜽𝒛 (3.11) 
𝑴𝟐 = 𝟏 + 𝒔𝒊𝒏
𝟑
𝜷
𝟐
 (3.12) 
3.3.2.3 Klucher Model 
The Klucher anisotropic model was developed in 1979 and is considered a revised 
model of the Temps and Coulson, taking into account the fraction of cloud coverage by 
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inserting the cloudiness function, F. The previously given variables M1 and M2 have 
changed a little bit by inserting the cloudiness function and in this model are given as 
M3 and M4 [1, 13, 15, 25, 27,  31, 32,  33, 34, 35, 36, 43, 45]. In this model the formula 
for estimating the diffused irradiance is: 
𝑮𝑻,𝒅 = 
𝟏
𝟐
∗ 𝑮𝒅 ∗ (𝟏 + 𝒄𝒐𝒔𝜷) ∗ 𝑴𝟑 ∗ 𝑴𝟒 (3.13) 
where,  
𝑴𝟑 = 𝟏 + 𝑭 ∗  𝒄𝒐𝒔
𝟐 𝜽 ∗ 𝒔𝒊𝒏𝟑 𝜽𝒛 (3.14) 
𝑴𝟒 = 𝟏 + 𝑭 ∗ 𝒔𝒊𝒏
𝟑
𝜷
𝟐
 (3.15) 
𝑭 = 𝟏 − (
𝑮𝒅
𝑮𝒃 + 𝑮𝒅
)𝟐 (3.16) 
In the case of overcast conditions, where Gd = Gb + Gd and so F = 0, the Klucher 
anisotropic model is identical to the isotropic Liu and Jordan model. 
3.3.2.4 Hay and Davies Model 
The Hay and Davies, or also called Hay, model is another anisotropic model published 
in 1980. It treats the diffuse radiation as it comprises from two parts, the circumsolar 
diffused and the isotropic diffused component [1, 13, 15, 25, 27, 30, 31, 32, 33, 34, 35, 
36, 43, 46]. In its estimations it uses the anisotropy index FHay and the equation used is: 
𝑮𝑻,𝒅 = 𝑮𝒅 ∗ [𝑭𝑯𝒂𝒚 ∗ (
𝐜𝐨𝐬𝜽
𝐜𝐨𝐬 𝜽𝒛
) + (
𝟏 + 𝐜𝐨𝐬𝜷
𝟐
) ∗ (𝟏 − 𝑭𝑯𝒂𝒚)] (3.17) 
where,  
𝑭𝑯𝒂𝒚 = 
𝑮𝒃
𝑮𝒔𝒄
 (3.18) 
In equation 3.17 the first term in brackets represents the circumsolar diffused 
irradiance, while the second the isotropic diffused irradiance. Also, in the case that FHay 
= 0 the Hay and Davies anisotropic model is the same as the isotropic Liu and Jordan 
model. 
3.3.2.5 Willmot Model 
Another anisotropic solar model that is not so popular is the Willmot model. It was 
introduced in 1982 and in its calculations an anisotropic reduction factor for tilted 
surfaces, Cβ, is used [13, 33, 43, 47]. The formula used for the estimation of the diffused 
component is: 
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𝑮𝑻,𝒅 = 𝑮𝒅 ∗ 𝒓𝒃 ∗  
𝑮𝒃
𝑮𝒔𝒄
+ 𝑪𝜷 ∗ (𝟏 − 
𝑮𝒃
𝑮𝒔𝒄
) (3.19) 
where,  
𝒓𝒃 =  𝒎𝒂𝒙(𝟎,
𝒄𝒐𝒔𝜽
𝒄𝒐𝒔𝜽𝒛
) (3.20) 
𝑪𝜷 = 𝟏. 𝟎𝟏𝟏𝟓 − 𝟎. 𝟐𝟎𝟐𝟗𝟑 ∗ 𝜷 − 𝟎. 𝟎𝟖𝟎𝟖𝟐𝟑 ∗ 𝜷
𝟐  (3.21) 
3.3.2.6 Ma and Iqbal Model 
The Ma and Iqbal solar model was introduced in 1983. It includes the parts of isotropic 
diffused radiation and radiation emitted from the region around the solar disc [33, 35, 
36, 48]. In estimations with this model also the clearness index is used and the equation 
for the diffused component of solar radiation is: 
𝑮𝑻,𝒅 = 𝑮𝒅 ∗ [𝑲𝑻 ∗ 𝒓𝒃 + (𝟏 − 𝑲𝑻) ∗  𝒄𝒐𝒔
𝟐(
𝜷
𝟐
)] (3.22) 
3.3.2.7 Skartveit and Olseth Model 
The Skartveit and Olseth model was developed in 1986 and was based on the Hay and 
Davies anisotropic solar model. They have stated, after taking solar irradiance 
measurements, that in the case of a completely overcast sky dome, a significant part of 
sky diffused irradiance derives from the sky area around the zenith. This effect does not 
take place in cases without cloud coverage [13, 30, 31, 32, 33, 34, 35, 36, 49]. A 
correction factor, Z, is used and the equation formed is: 
𝑮𝑻,𝒅 = 𝑮𝒅 ∗ [𝑭𝑯𝒂𝒚 ∗ 𝒓𝒃 + 𝒁 ∗ 𝒄𝒐𝒔𝜷 + (𝟏 − 𝑭𝑯𝒂𝒚 − 𝒁) (𝟏 + 
𝒄𝒐𝒔𝜷
𝟐
)]  (3.23) 
where,  
𝒁 =  {
𝟎. 𝟑 − 𝟐 ∗ 𝑭𝑯𝒂𝒚 ; 𝑭𝑯𝒂𝒚 < 𝟎. 𝟏𝟓
𝟎 ; 𝑭𝑯𝒂𝒚  ≥ 𝟎. 𝟏𝟓
 (3.24) 
As it can be understood for the factor Z, in the case that FHay ≥ 0.15, the Skartveit 
and Olseth anisotropic model is identical to the Hay and Davies anisotropic model. 
What is more, in equation 3.23, there is a possibility of having one more term in the end 
of the formula. Normally this term is omitted, because it represents the effect of natural 
or artificial obstacles blocking the horizon, but stations where data come from are 
located in open areas and this effect is neglected [36]. 
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3.3.2.8 Gueymard Model 
The Gueymard anisotropic model was introduced in 1987. It uses a couple of radiation 
factors in order to estimate the diffused radiation incident on a horizontal surface. These 
factors depend on cloud cover in sky dome, where Rd1 is used for entirely overcast 
conditions and Rd0 for a sky without clouds. Also, a cloudiness function NG is used by 
Gueymard, based on solar irradiance measurements, as usually there are no data 
available for cloud cover. In the same way, radiation factors Rd1 and Rd0 are taken from 
empirical equations, deriving again from solar radiation data [33, 34, 35, 36, 43, 50]. 
The equation used by this model for the diffused solar component is: 
𝑮𝑻,𝒅 = 𝑮𝒅 ∗ [(𝟏 − 𝑵𝑮) ∗ 𝑹𝒅𝟎 +𝑵𝑮 ∗ 𝑹𝒅𝟏] (3.25) 
3.3.2.9 Perez et al. Model 
The Perez et al. solar model is one of the most popular anisotropic models. Perez has 
developed a number of anisotropic solar models over the years and in this thesis a 
model introduced in 1990 will be analyzed. Perez models generally provide results with 
high accuracy, but are more complex than the previous described, as they take into 
account all three parts of diffused radiation, which are isotropic diffused radiation, 
circumsolar radiation and horizon brightening [15, 25, 27, 30, 32, 33, 34, 35, 36, 43, 
51]. What is more, coefficients α, b, F1 and F2 are used in this model forming the 
following equation: 
𝑮𝑻,𝒅 = 𝑮𝒅 ∗ [(𝟏 − 𝑭𝟏) ∗ (
𝟏+ 𝒄𝒐𝒔𝜷
𝟐
) + 𝑭𝟏 ∗  
𝒂
𝒃
+ 𝑭𝟐 ∗  𝒔𝒊𝒏𝜷] (3.26) 
where,  
𝒂 =  𝒎𝒂𝒙(𝟎, 𝐜𝐨𝐬 𝜽) (3.27) 
𝒃 = 𝒎𝒂𝒙(𝐜𝐨𝐬𝟖𝟓,   𝐜𝐨𝐬 𝜽𝒛)  (3.28) 
Coefficients F1 and F2 are called brightness coefficients and are complex in their 
calculation. F1 deals with the circumsolar part of diffused radiation, while F2 estimates 
the horizon brightening. They depend on the zenith angle, sky conditions, clearness ε 
and brightness Δ. Also, these two factors may derive from equations using a set of 
empirical determined values regarding the location of interest. It should be noted that 
for F1 = F2 = 0, the anisotropic Perez et al. model reduces to the isotropic Liu and 
Jordan model [15, 25, 27, 32, 33, 34, 35, 36, 43, 51]. 
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3.3.2.10 Reindl et al. Model 
The Reindl et al. solar model was published in 1990 and was based on the Hay and 
Davies anisotropic model. Reindl added to the Hay and Davies model the part of 
horizon brightening, making its estimations more precise. Also, it was stated that as the 
cloud cover in the sky dome increases the diffused radiation from the region near the 
horizon decreases, leading to the introduction of factor fR [1, 15, 30, 27, 33, 35, 36, 43, 
52, 53]. The formula used in this model is: 
𝑮𝑻,𝒅 = 𝑮𝒅[(𝟏 − 𝑭𝑯𝒂𝒚) (
𝟏+ 𝒄𝒐𝒔𝜷
𝟐
) (𝟏 + 𝒇𝑹  𝒔𝒊𝒏
𝟑(
𝜷
𝟐
)) + 𝑭𝑯𝒂𝒚 𝒓𝒃]  (3.29) 
where,  
𝒇𝑹 =  √
𝑮𝒃
𝑮𝒃 + 𝑮𝒅
 (3.30) 
As concerns the horizon brightening and the factor fR, when the sky is completely 
overcast having a beam irradiance near zero fR also becomes zero, making the 
anisotropic Reindl et al. model similar to the isotropic Liu and Jordan model [36]. 
3.3.2.11 Muneer Model 
The Muneer model is another anisotropic model developed in 2004. It is related in a 
small scale with the Hay and Davies anisotropic model, as it uses the anisotropy index 
FHay. It is different from the other described models, because it has two equations 
regarding whether the surface in question is shaded or illuminated with sunlight. Then it 
furthers separate the sunlit surfaces to overcast and non-overcast [27, 33, 35, 36, 43, 
54]. For the case of both sunlit and shaded planes under a cloudy sky the following 
equation is used: 
𝑮𝑻,𝒅 = 𝑮𝒅 ∗ [𝒄𝒐𝒔
𝟐 (
𝜷
𝟐
) + 
𝟐∗𝒃
𝝅∗(𝟑+𝟐∗𝒃)
∗ (𝒔𝒊𝒏𝜷 − 𝜷 ∗ 𝒄𝒐𝒔𝜷 −  𝝅 ∗
 𝒔𝒊𝒏𝟐 (
𝜷
𝟐
))] 
(3.31) 
while for the case of surfaces illuminated with sunlight under a cloudless sky the above 
given formula is modified to: 
𝑮𝑻,𝒅 = 𝑮𝒅 ∗ [𝒄𝒐𝒔
𝟐 (
𝜷
𝟐
) + 
𝟐∗𝒃
𝝅∗(𝟑+𝟐∗𝒃)
∗ (𝒔𝒊𝒏𝜷 − 𝜷 ∗ 𝒄𝒐𝒔𝜷 −  𝝅 ∗
 𝒔𝒊𝒏𝟐 (
𝜷
𝟐
)) ∗ (𝟏 − 𝑭𝑯𝒂𝒚) + 𝑮𝒅 ∗ 𝑭𝑯𝒂𝒚 ∗ (
𝒄𝒐𝒔𝜽
𝒄𝒐𝒔𝜽𝒛
)]  
(3.32) 
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Regarding the coefficient b, in equation 3.31 a constant value of 2.5 is suggested for 
European locations, while in non-overcast conditions it decreases continuously and after 
examining data from 14 locations all over the world it can be calculated from the 
following equation [27, 33, 35, 36, 43, 54]: 
𝟐 ∗ 𝒃
𝝅 ∗ (𝟑 + 𝟐 ∗ 𝒃)
= 𝟎. 𝟎𝟒 − 𝟎. 𝟖𝟐 ∗ 𝑭𝑯𝒂𝒚 − 𝟐. 𝟎𝟐𝟔 ∗ 𝑭𝑯𝒂𝒚
𝟐  (3.33) 
Moreover, for countries of southern Europe the following formula has been derived 
[33, 55]: 
𝟐 ∗ 𝒃
𝝅 ∗ (𝟑 + 𝟐 ∗ 𝒃)
= 𝟎. 𝟎𝟎𝟐𝟔𝟑 − 𝟎. 𝟕𝟏𝟐 ∗ 𝑭𝑯𝒂𝒚 − 𝟎. 𝟔𝟖𝟖 ∗ 𝑭𝑯𝒂𝒚
𝟐  (3.34) 
Table 3.1: Classification of models according to parts of diffused irradiance [33, as 
modified] 
ISOTROPIC 
ANISOTROPIC 
GT,d,iso + GT,d,cs GT,d,iso + GT,d,cs + GT,d,hz 
Hottel-Woertz (1942)   
Liu-Jordan (1963) → Bugler (1977)  
  → Temps-Coulson (1977) 
  → Klucher (1979) 
 → Hay-Davies (1980)  
 → Ma-Iqbal (1983)  
 → Skartveit-Olseth (1986)  
  → Perez et al. (1990) 
  → Reindl et al. (1990) 
 → Muneer (2004)  
Orgill-Hollands (1977)   
Erbs et al. (1982)   
Koronakis (1986)   
Badescu (2002)   
 Willmot (1982)  
 Gueymard (1987)  
 
In Table 3.1 a classification of the above described solar models is shown according 
to the way they treat the diffused component of solar radiation. As said in the beginning 
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of the paragraph, the isotropic models estimate only the isotropic diffused irradiance, 
while the anisotropic models can calculate, except from the isotropic diffused part, 
either only the circumsolar diffused part or both the circumsolar diffused irradiance and 
the horizon brightening, giving more accurate results. Moreover, in parenthesis adjacent 
to each model, the year that it was developed is given. 
As can be easily understood from the arrows in the two columns referring to the 
anisotropic models, almost all of them have derived from the Liu and Jordan isotropic 
model, making the appropriate modifications for more accurate estimations. The only 
exceptions to the above statement are the Willmot and Gueymard anisotropic solar 
models. 
3.3.3 Sunshine Solar Models 
 
3.3.3.1 Angstrom Model 
The first sunshine solar model was developed by Angstrom in 1924. It uses a regression 
equation with monthly radiation and sunshine duration data. Two empirical coefficients, 
α and b, are needed in this model regarding the location examined [15, 56, 57]. The 
formula used is: 
?̅?
𝑯𝒄̅̅ ̅̅
= 𝜶 + 𝒃 ∗  
?̅?
?̅?
 (3.35) 
where, ?̅? is the monthly mean daily radiation incident on a horizontal surface 
𝐇𝐜̅̅̅̅  is the monthly average clear-sky daily radiation on a horizontal surface 
α, b are empirical coefficients 
?̅? is the monthly average hours of bright sunshine in a day 
?̅? is the monthly average of maximum hours of bright sunshine in a day 
The ratio n/N gives information about the atmospheric conditions of the location in 
question and is called cloudless index. N can be calculated from equation 2.16 or taken 
from the nomogram in Figure 2.9. 
3.3.3.2 Angstrom and Prescott Model 
Because of the difficulty in estimating Hc in the above solar model, a modification was 
made by Prescott in 1940.  He replaced Hc with extraterrestrial radiation Ho. The 
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Angstrom and Prescott solar model is the most popular sunshine model and numerous 
models have derived from it [15, 56, 58]. The equation used is: 
?̅?
𝑯𝒐̅̅ ̅̅
= 𝜶 + 𝒃 ∗ 
?̅?
?̅?
 (3.36) 
where, 𝐇𝐨̅̅ ̅̅  is the extraterrestrial radiation 
The ration H/Ho is called clearness index and Ho can be obtained from equation 
2.21. 
3.3.3.3 Black et al. Model 
As already have been said, many scientists have used the Angstrom – Prescott model to 
develop their own ones, introducing values for α and b constants. One of these sunshine 
models is the Black et al. published in 1954. Data from 32 meteorological stations have 
been analyzed with latitudes ranging from 6
o
 to 65
o
 and found that the empirical 
coefficients can take values between 0.15 to 0.40 for α and 0.27 to 0.61 for b [59, 60]. 
After that the proposed equation is the following: 
?̅?
𝑯𝒐̅̅ ̅̅
= 𝟎. 𝟐𝟑 + 𝟎. 𝟒𝟖 ∗ 
?̅?
?̅?
 (3.37) 
3.4 Ground Reflected Solar Radiation 
The third component of solar radiation is the ground-reflected solar radiation. This part 
has normally the smallest contribution and can be classified again as isotropic or 
anisotropic. Isotropic approach is considered the classical one and treats ground-
reflected radiation as uniform concerning direction, while anisotropic approach, which 
has been introduced by Temps and Coulson, treats ground-reflected radiation with 
respect to direction. 
In all the above described models (except from sunshine solar models), the isotropic 
approach is used and added in the end of each equation. The only exception is the 
Temps and Coulson model, which estimates the ground-reflected term in a unique way 
that will be shown in this paragraph. Also, the Klucher model was developed in a way 
that does not assume ground-reflected radiation at all, but generally in calculations the 
isotropic term is added even in this model [1, 13, 15, 25, 33, 36]. 
Furthermore, of major significance for the estimation of this solar component is the 
appropriate determination of albedo. Ground albedo varies regarding location, climate 
and ground properties during the day. In many cases measurements from albedometers 
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are not available, making precise estimations of the ground-reflected term impossible. 
Over the years a constant value of ρG = 0.2 has been assumed in calculations, without 
taking into account location, climate and time of day and year [16, 22, 33, 36]. 
3.4.1 Isotropic Approach 
In isotropic cases, the ground-reflected term is calculated by the following equation: 
𝑮𝑻,𝒓 = 
𝟏
𝟐
∗ (𝑮𝒃 + 𝑮𝒅) ∗ 𝝆𝑮 ∗ (𝟏 − 𝒄𝒐𝒔𝜷) (3.38) 
where, GT,r is ground-reflected radiation incident on an inclined surface 
ρG is ground albedo 
3.4.2 Temps and Coulson Approach 
In the case of Temps and Coulson anisotropic model the estimation of ground-reflected 
radiation is given by: 
𝑮𝑻,𝒓 = (𝑮𝒃 + 𝑮𝒅) ∗ 𝝆𝑮 ∗ 𝑴𝟓 ∗ 𝑴𝟔 (3.39) 
where,  
𝑴𝟓 = [𝟏 − 𝒄𝒐𝒔
𝟐(
𝜷
𝟐
)] (3.40) 
𝑴𝟔 = [𝟏 + 𝐬𝐢𝐧
𝟐(
𝜽𝒛
𝟐
) ∗ |𝐜𝐨𝐬𝝋|] (3.41) 
In equation 3.38, φ represents the tilted surface azimuth angle relative to the sun. In 
the Temps and Coulson solar model a forward scattering of ground surface is assumed 
and it increases as the solar zenith angle increases [25]. 
3.5 Statistical Performance Indicators 
For the evaluation of the selected models a statistical analysis is necessary. There are a 
number of statistical indicators available in order to assess performance and they are 
divided in four groups: 
 Class A, which uses indicators of error based on individual points and 0 is given 
to perfect models, 
 Class B, including indicators of overall performance and 1 is the ultimate value, 
 Class C, containing indicators of distribution similitude and 
 Class D, dealing with visual indicators. 
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As in more studies published in solar discipline, in this thesis indicators from class 
A will be used. These indicators are widespread used and many are familiar with them, 
giving understandable results without the need of being expert in the field of statistical 
analysis. The results yielded from these indicators can be presented either in the form of 
absolute values or as percentages. Indicators of class B are still simple enough and 
similar to those of class A, but they are not preferred in evaluations made in the solar 
field. Class C is used normally for the comparison of cumulative frequency distributions 
with respect to data from a reference model. Class D is a different way of assessment, 
exporting visual results instead of numbers, but again they are not popular in the solar 
discipline [61]. 
The statistical tools that will be used are considered as error estimators. One of them 
is the Mean Bias Error (MBE), or as also can be found Mean Bias Difference (MBD) 
[13, 25, 30, 32, 33, 35, 36, 43, 61, 62, 63, 64, 65, 66]. This indicator will offer results 
both in absolute and relative units. The equations used for this indicator are: 
𝑴𝑩𝑬 = 
𝟏
𝑵
∗ ∑(𝑬𝒊 − 𝑶𝒊)
𝑵
𝒊=𝟏
 (3.42) 
𝑴𝑩𝑬 % = 
𝑴𝑩𝑬
?̅?
∗ 𝟏𝟎𝟎 (3.43) 
where, N is the number of observations 
Ei are the estimated values 
Oi are the observed values 
In equation 3.40 ?̅? is the average of the observations taken and is given from the 
following formula: 
?̅? =  
𝟏
𝑵
∗ ∑𝑶𝒊
𝑵
𝒊=𝟏
 (3.44) 
MBE gives data of a model’s performance on a long term basis and is a critical 
factor in model selection. Better models are those with minimum values. What is more, 
values can be either positive or negative meaning that the model tends respectively to 
overestimate or underestimate the measurements. 
3.6 Selection of Models 
After having described twenty solar models, it is time to select some of them and 
continue with their validation for the city of Thessaloniki, Greece. The selection is not 
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totally random, but based on studies done over the previous years and especially studies 
published for the region of southern Europe and Mediterranean. Those locations are 
considered to have some characteristics close to the examined location like temperature, 
relative humidity, radiation, sunshine duration, cloud cover and geographical location. 
Furthermore, all solar models that will be tested are broadly known and used in many 
places and definitely in places other than they were originated [13, 33, 34, 35, 43, 67, 
68]. 
In order to have a full picture of the topic, the models selected will be from all three 
categories, leading to results and comparison not only between models, but also 
between their categories. 
Concerning the isotropic models, two of them will be tested. The first will be the Liu 
and Jordan, which is one of the most popular solar model and definitely the most 
commonly used isotropic model. The second will be the Koronakis model, which is 
claimed to give accurate enough results for the region examined. 
As regards the anisotropic models, because they comprise the largest category, four 
of them will be tested. The first two selected anisotropic models are the widely used 
Temps and Coulson and Hay and Davies. Then the Perez et al. model, which is maybe 
the most tested anisotropic solar model and seems to give great results in numerous 
locations and the Reindl et al. model that is reported to give precise estimations for the 
Mediterranean region. 
Finally, one sunshine solar model will be tested. This will be the Black et al. model, 
as our location is within the latitude range limits. The analysis that will be held with this 
model will be different and will compare the estimated values with total horizontal 
irradiance and not the inclined one, because sunshine solar models do not take into 
account neither the slope of the examined surface nor its orientation. Furthermore, these 
models are valid only for monthly estimations and not for daily. 
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4 Meteorological Station and 
Data Collection 
 
4.1 Location of Meteorological Station 
The examined location in the presence thesis is Thessaloniki, Greece. Thessaloniki is 
located in the northern part of Greece and its coordinates in the center of the town are 
40
o38’24.39’' latitude North and 22o56’39.85’’ longitude East with an elevation of 38m. 
The meteorological station, from where data are provided, is located in International 
Hellenic University (IHU), placed at the southeastern limits of the region of 
Thessaloniki [69]. In Figure 4.1 the location of Greece is shown inside the red box and 
the city of Thessaloniki is marked with a black dot. 
 
 
Figure 4.1: Location of Greece and Thessaloniki [70] 
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Giving more details, the campus of IHU comprises of two buildings. In the roof of 
building B the meteorological station is placed. The coordinates of IHU are 
40
o32’12.89’' latitude North and 23o00’31.64’’ longitude East with an elevation of 24m, 
but in this dissertation the coordinates of Thessaloniki will be used [69]. In Figure 4.2 
the campus of IHU is shown and the position of the meteorological station is pointed 
with a blue arrow. 
 
 
Figure 4.2: Position of the meteorological station [69] 
The city of Thessaloniki lies in a transitional climatic zone, displaying 
characteristics of humid subtropical, semi-arid and Mediterranean climates. Generally, 
winters in this region are dry with lower temperatures up to -10
o
C occurring during 
January. Summers are considered hot and humid with temperatures above 35
o
C peaking 
during July. Due to its location extended sunshine and clear skies are exhibited with 
around 2,337 hours/year, but also humidity exists. Precipitation is in the range of 449 
mm/year [71, 72]. 
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4.2 Data Collection 
 
As said in the previous paragraph, the data collected were taken from a meteorological 
station located in the IHU campus. This meteorological station is a new one and has 
started recording data from February 2013. In this thesis data from a whole year will be 
used, beginning from 1
st
 September of 2013 until 31
th
 August of 2014. The equipment 
of this meteorological station records information every minute and provides data of: 
 Air temperature 
 Relative humidity 
 Total irradiance 
 Diffused irradiance 
 Measurements from 4 pyranometers vertically placed in the four cardinal 
directions (N-S-W-E) 
 UVB radiation 
 Wind direction 
 Wind velocity 
 Sunshine hours 
 Rainfall 
In our calculations not all of the above mentioned parameters will be used, but only 
those needed according to the selected solar models. 
4.3 Equipment of Meteorological Station 
In this part a brief description of the equipment used in the meteorological station along 
with a number of useful figures will be given. For more detailed information, in 
Appendix A technical specifications, spectral response and intensity curves and 
dimension diagrams are shown. 
4.3.1 Equipment Measuring Solar Irradiance 
The most important instruments of the meteorological station and are of major 
significance in this dissertation are those measuring solar irradiance. For the observation 
of global irradiance, diffused irradiance and sunshine duration a SPN1 Sunshine 
Pyranometer by Delta-T is used. It can measure a wide range of solar radiation, from 
400 to 2700 nm. Furthermore, with the necessary calculations beam irradiance can be 
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estimated without the need of an additional shadow band or other moving parts and the 
threshold of sunshine status is when beam radiation exceeds 120 W/m
2
. Other 
characteristics are that it has a cosine-corrected response, it works precisely at any 
orientation if mounted horizontally, it can be used at any coordinates and it may be used 
at any weather conditions [73]. In Figure 4.3 the SPN1 Sunshine Pyranometer is shown. 
 
 
Figure 4.3: SPN1 Sunshine Pyranometer by Delta-T [73] 
To continue with, four SKS 1110 silicon cell pyranometers by Skye are used for 
measurements of total irradiance in the four cardinal points (N-S-W-E). They are fully 
waterproof and can be used up to 4m under water. Also, the cosine correction has been 
made. The SKS 1110 pyranometers are calibrated for open-sky conditions within the 
waveband 350-1100 nm, but can also be used in different weather conditions, giving 
measurements with absolute errors lower than 5% [74]. In Figure 4.4 the SKS 1110 
silicon cell pyranometer is shown. 
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Figure 4.4: SKS 1110 silicon cell pyranometer by Skye [74] 
Additionally to the previous mentioned sensors, a LP UVB 01 probe by Delta Ohm 
is used for measuring irradiance in the UVB spectral region. Again the cosine correction 
has been made to the instrument. The UVB range is between 280 to 315 nm and the 
sensor cannot measure visible and infrared light [75]. In Figure 4.5 the LP UVB 01 is 
shown. 
 
 
Figure 4.5: LP UVB 01 probe by Delta Ohm [75] 
4.3.2 Equipment Measuring Wind Speed and Direction 
In every meteorological station data for wind velocity and direction are compulsory. 
The instrument used for measuring wind speed is a small wind transmitter by Thies 
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clima. It estimates the horizontal wind velocity by using a cup anemometer, where an 
electrical signal is generated by the wind transmitter. Usually the cup anemometer is 
mounted on a metallic mast at a height of 10 m over an area free of obstacles [76]. 
In order to be aware of the wind direction, the meteorological station is equipped with 
the 200P wind direction vane by Renewable NRG Systems. It is a simple and durable 
instrument, often used in the wind energy sector and its materials resist corrosion. It is 
again usually mounted on a metallic mast and operates by sending out electrical signals 
[77]. In Figure 4.6 the cup anemometer and the wind direction vane are shown. 
 
  
Figure 4.6: Cup anemometer by Thies clima (left) and 200P wind direction vane by 
Renewable NRG Systems (right) [76, 77] 
4.3.3 Equipment Measuring Rainfall 
For rainfall measuring a rain-o-matic professional rain gauge by Pronamic is used. It is 
an electronic rain gauge consisting of an outdoor rain collector and a data logger or 
computer. The collector has three parts: a funnel, a box and a base plate that can be 
easily assembled. After entering the funnel, water reaches a self-emptying, magnet 
controlled spoon. When the spoon reaches a pre-determined weight it is automatically 
emptied and takes measurements with high accuracy even in cases that is not oriented 
horizontally [78]. In Figure 4.7 the parts of the rain gauge and the magnet controlled 
spoon are shown. 
 
-55- 
 
  
Figure 4.7: Rain-o-matic professional rain gauge (left) and magnetic controlled spoon 
(right) by Pronamic [78] 
4.3.4 Equipment Measuring Temperature and Relative Humidity 
What is more, an instrument is used in order to measure temperature and relative 
humidity (RH). That is achieved by having a combined probe with a capacitive RH 
sensor and a Pt100 temperature sensor. This equipment is simple and easy in use, met in 
numerous meteorological studies [75]. In Figure 4.8 the thermohydrometer from Delta 
Ohm is shown. 
 
 
Figure 4.8: HP3217.2 by Delta Ohm [75] 
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5 Results and Comparison of 
Tested Solar Models 
In this chapter three subchapters will be included. The first deals with the monthly 
comparison of isotropic and anisotropic models for vertical surfaces in all orientations. 
The second compares the same solar models and for the same inclination and 
orientations, but for daily estimations. The third subchapter compares the Black 
sunshine model alone due to its limitations for horizontal surfaces. In all three 
subchapters tables and diagrams will be presented with the relevant comments, but 
because of their large number only one monthly and one daily case will be shown in the 
main body of this dissertation. The rest of them are presented in the Appendices at the 
end of the thesis. 
5.1 Monthly Analysis 
The most important comparison held in this dissertation is the monthly one. That is 
because in general most solar models are developed having as priority to perform 
monthly estimations and so their results tend to be more precise than in daily 
estimations. Furthermore, in solar engineering applications the monthly and not so 
much the daily performance is of interest. 
The analysis tried to evaluate and show the results of the selected models in several 
conditions, so one month from each season has participated in it. In the core of the 
thesis the month that will be exhibited is July of 2014. The other months of the 
comparison are April and January of the same year and October of 2013 in order to 
cover all seasons. 
For every month a diagram comparing mean monthly irradiance on vertical surfaces 
during a typical day is initially shown. It is then followed by a table with the statistical 
performance indicators, showing in each case with red letters the best model. After that 
a diagram comparing the models regarding the MBE (%) will be presented. 
In Figure 5.1 the vertical irradiance due North is shown for July. Comparison can be 
made both between the six tested models and between the actual observed values from 
the meteorological station (dashed line) and each model. It can be easily seen that the 
Reindl and Perez models overestimate solar irradiance in this case, while Liu-Jordan, 
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Koronakis and Temps-Coulson models follow better the actual values. The Hay-Davies 
model underestimates solar irradiance for the duration of the day, making only a peak 
with higher than the actual values in late afternoon. 
 
 
Figure 5.1: Comparison of estimated and observed solar irradiance for vertical 
inclination due North for July 
From the statistical indicators in Table 5.1 and Figure 5.2 it is apparent that the 
Temps-Coulson model has achieved the best results, followed by the two isotropic 
models. Moreover, it can be stated that according to MBE both Temps-Coulson and 
Koronakis models are really reliable for vertical surfaces due North in July for the city 
of Thessaloniki. 
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Table 5.1: Statistical performance indicators of solar models for vertical inclination due 
North for July 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -11.1429 -11.9155  
 Koronakis 1.2203 1.3049  
 Temps-Coulson 0.6326 0.6764  
 Hay-Davies -32.8157 -35.0908  
 Reindl 72.4975 77.5238  
 Perez 48.1180 51.4541  
 
 
Figure 5.2: MBE (%) values for vertical inclination due North for July 
In Figure 5.3 the vertical irradiance due East is shown for July. It can be understood 
that it is impossible for any model to be accurate during morning hours for East 
orientation and all of them underestimate the real vertical irradiance, because as the sun 
rises, suddenly large amount of solar radiation is incident on the examined surface. 
Furthermore, models cover this loss during evening hours, as they show a more flat 
pattern throughout the day. In this occasion isotropic models yield better results and 
especially the Reindl model is by far the best. 
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Figure 5.3: Comparison of estimated and observed solar irradiance for vertical 
inclination due East for July 
From the statistical indicators in Table 5.2 it may be clearly seen that all models 
underestimate the total inclined irradiance. Also, except from the Reindl model all the 
rest exhibit totally inaccurate results for the examined location. In Figure 5.4 for MBE 
(%) it is shown that only the Reindl model is accurate for East orientation in July. 
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Table 5.2: Statistical performance indicators of solar models for vertical inclination due 
East for July 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -80.2947 -48.4919  
 Koronakis -67.9315 -41.0254  
 Temps-Coulson -57.1963 -34.5422  
 Hay-Davies -114.,0786 -68.8948  
 Reindl -8.8709 -5.3573  
 Perez -49.8506 -30.1060  
 
 
Figure 5.4: MBE (%) values for vertical inclination due East for July 
In Figure 5.5 the vertical irradiance due South is shown for July. During the greatest 
part of the day all models have a similar curve with the actual values, with some small 
differences in the afternoon. Furthermore, models except Reindl and slightly Perez, in 
this case underestimate solar irradiance. 
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Figure 5.5: Comparison of estimated and observed solar irradiance for vertical 
inclination due South for July 
From the statistical performance in Table 5.3 we can derive that the Perez model is 
accurate for vertical surfaces due South in July for Thessaloniki. Also, Koronakis and 
Temps-Coulson models can be reported as fair enough for this occasion concerning the 
MBE indicator. Again in Figure 5.6 for MBE (%) it is shown that Perez is the most 
reliable model and that most models underestimate total inclined irradiance for vertical 
surfaces due South in July. 
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Table 5.3: Statistical performance indicators of solar models for vertical inclination due 
South for July 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -32.8024 -23.4609  
 Koronakis -20.4392 -14.6185  
 Temps-Coulson -21.0269 -15.0389  
 Hay-Davies -62.8881 -44.9789  
 Reindl 42.1434 30.1418  
 Perez 1.8983 1.3577  
 
 
Figure 5.6: MBE (%) values for vertical inclination due South for July 
In Figure 5.7 the vertical irradiance due West is shown for July. It can be seen that 
high values are presented during evening hours. In this case almost all models 
overestimate solar inclined irradiance, but the most precise one is Liu-Jordan, which is 
the only one that underestimates solar irradiance. Also, Hay-Davies and Koronakis can 
be reported as highly accurate. 
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Figure 5.7: Comparison of estimated and observed solar irradiance for vertical 
inclination due West for July 
From the statistical indicators in Table 5.4 it can be said that four out of six models 
are more or less accurate. Liu-Jordan has the best values regarding MBE. In Figure 5.8 
for MBE (%) again the statistical ranking of models is shown for vertical surfaces due 
West in July. 
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Table 5.4: Statistical performance indicators of solar models for vertical inclination due 
West for July 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -4.6252 -2.5333  
 Koronakis 7.7380 4.2383  
 Temps-Coulson 18.4732 10.1182  
 Hay-Davies 6.8856 3.7714  
 Reindl 112.0744 61.3859  
 Perez 73.9979 40.5305  
 
 
Figure 5.8: MBE (%) values for vertical inclination due West for July 
After finishing the analysis for July a comment will be made for the remaining 
months that were also evaluated. 
Regarding April in general the two isotropic and the Temps-Coulson models seem to 
yield the best results. On the other hand, Reindl and Perez models tend to overestimate 
for every orientation, while Hay-Davies model underestimates for every orientation. For 
the case of East and South orientation the Temps-Coulson model is the most accurate. 
The isotropic models are more precise for the other two orientations, Liu-Jordan for 
North and Koronakis for West. 
Concerning January again Reindl and Perez models tend to overestimate for every 
orientation, while Hay-Davies model underestimates for every orientation. For the case 
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of North and East orientation the Liu-Jordan model exhibits the best values. For South 
orientation the Perez model performed best and for West orientation the Temps-Coulson 
model was the most precise. 
The analysis made for October showed once more that Reindl and Perez models 
tend to overestimate for every orientation, while Hay-Davies model underestimates for 
every orientation. For South and West orientation the Perez model performed best. For 
North orientation the Liu-Jordan model was the most accurate and for East orientation 
the Temps-Coulson model exhibited the best results. 
All Figures and Tables for April, January and October are presented in Appendix B.  
What is more, in Table 5.5 a summary is made showing the best model and its MBE 
(%) value for every combination of month and orientation. 
Table 5.5: Best model for each month and orientation according to MBE (%) 
MONTH 
ORIENTATION 
North East South West 
July Temps-Coulson 
 (0.6764) 
Reindl 
(-5.3573) 
Perez 
(1.3577) 
Liu-Jordan 
(-2.5333) 
April Liu-Jordan 
 (11.4011) 
Temps-Coulson 
 (6.0928) 
Temps-Coulson 
 (-10.0118) 
Koronakis 
 (6.9850) 
January Liu-Jordan 
 (24.5861) 
Liu-Jordan 
(-6.7065) 
Perez 
(7.3300) 
Temps-Coulson 
 (-22.2138) 
October Liu-Jordan 
 (14.1136) 
Temps-Coulson 
 (3.1247) 
Perez 
(1.6292) 
Perez 
(16.0611) 
 
Finally in this subchapter, an attempt was made to rank solar models for every tested 
month. In Table 5.6 the ranking is shown. It is not possible to generalize this ranking on 
a yearly level and have one best model, but it can be understood that Liu-Jordan, 
Koronakis and Temps-Coulson models were the best in the monthly analysis performed. 
Furthermore, Hay-Davies, Perez and Reindl exhibited the least accurate results in the 
four tested months. 
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Table 5.6: Ranking of models for each tested month  
JULY APRIL JANUARY OCTOBER 
1 Temps-Coulson 1 Koronakis 1 Liu-Jordan 1 Temps-Coulson 
2 Koronakis 2 Liu-Jordan 2 Koronakis 2 Koronakis 
3 Liu-Jordan 3 Temps-Coulson 3 Temps-Coulson 3 Liu-Jordan 
4 Perez 4 Hay-Davies 4 Hay-Davies 4 Perez 
5 Hay-Davies 5 Perez 5 Perez 5 Hay-Davies 
6 Reindl 6 Reindl 6 Reindl 6 Reindl 
5.2 Daily Analysis 
The daily analysis was held in the same way as the monthly. Four days were chosen in 
random, one in each month described above. In the core of the thesis the 5
th
 of July of 
2014 will be analyzed. The rest days of the comparison are the 7
th
 of April and the 10
th
 
of January of the same year and the 5
th
 of October of 2013. 
In Figure 5.9 the vertical irradiance due North for the 5
th
 of July is shown. A 
continuous fluctuation can be observed as the data inserted in figures for daily 
irradiance are based on minute estimations. Following the same pattern as in monthly 
comparison, the Reindl and Perez models overestimate solar irradiance. Also, the Hay-
Davies model underestimates irradiance throughout the entire day. The rest three 
models, Koronakis, Temps –Coulson and Liu-Jordan, seem to have values closer to the 
actual one. 
Regarding the statistical comparison shown in Table 5.7 and based on MBE, the 
Koronakis model achieved the best results followed by the Temps-Coulson model. 
Also, the Hay-Davies and Reindl models exhibited totally inaccurate estimations in this 
situation. In Figure 5.10 the values of MBE (%) are presented graphically, showing 
once more that Koronakis and Temps-Coulson models were the most accurate. 
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Figure 5.9: Comparison of estimated and observed solar irradiance for vertical 
inclination due North for the 5
th
 of July 
Table 5.7: Statistical performance indicators of solar models for vertical inclination due 
North for the 5
th
 of July 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -28.3868 -23.8912  
 Koronakis -14.8137 -12.4677  
 Temps-Coulson -16.0291 -13.4906  
 Hay-Davies -63.1225 -53.1258  
 Reindl 45.6816 38.4470  
 Perez 27.6134 23.2403  
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Figure 5.10: MBE (%) values for vertical inclination due North for the 5
th
 of July 
In Figure 5.11 the vertical irradiance due East for the 5
th
 of July is shown. As was 
reported in monthly analysis too, the observed values during the first hours after sunrise 
cannot be estimated by any model, but this changed from noon and on. 
The statistical performance of models presented in Table 5.8, show that for vertical 
inclination due East they do not perform very well with the only exception being the 
Reindl model having fair results with the MBE indicator. In Figure 5.12 the inaccurate 
performance of almost all models according to MBE (%) is shown again. 
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Figure 5.11: Comparison of estimated and observed solar irradiance for vertical 
inclination due East for the 5
th
 of July 
Table 5.8: Statistical performance indicators of solar models for vertical inclination due 
East for the 5
th
 of July 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -96.1053 -48.0821  
 Koronakis -82.5323 -41.2914  
 Temps-Coulson -71.9993 -36.0217  
 Hay-Davies -134.4049 -67.2436  
 Reindl -27.5787 -13.7978  
 Perez -70.1911 -35.1170  
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Figure 5.12: MBE (%) values for vertical inclination due East for the 5
th
 of July 
In Figure 5.13 the vertical irradiance due South for the 5
th
 of July is shown. Almost 
the whole day, the curves exhibited by models are similar to the actual one. Moreover, 
all models except the Reindl underestimate the vertical solar irradiance. 
According to the statistical analysis shown in Table 5.9 the Perez model is the only 
reliable for estimating vertical irradiance due South for the examined location. Again in 
Figure 5.14 it is shown that the Perez model yields by far the best results and is the only 
one accurate for this case. Also, the Reindl model is the only model overestimating 
solar irradiance. 
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Figure 5.13: Comparison of estimated and observed solar irradiance for vertical 
inclination due South for the 5
th
 of July 
Table 5.9: Statistical performance indicators of solar models for vertical inclination due 
South for the 5
th
 of July 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -42.7399 -26.7553  
 Koronakis -29.1668 -18.2585  
 Temps-Coulson -30.3822 -19.0193  
 Hay-Davies -76.7208 -48.0274  
 Reindl 29.8169 18.6655  
 Perez -4.3995 -2.7541  
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Figure 5.14: MBE (%) values for vertical inclination due South for the 5
th
 of July 
In Figure 5.15 the vertical irradiance due West for the 5
th
 of July is shown. Higher 
values exhibit before sunset and the Temps-Coulson model is the one having the more 
accurate values followed by the Koronakis model. 
From Table 5.10 and the statistical indicators it can be reported that Reindl and 
Perez models are not precise overestimating solar irradiance. Furthermore, the Temps-
Coulson and the Koronakis models are really reliable, while the Liu-Jordan model 
exhibited fairly good results. In Figure 5.16 the performance of models according to 
MBE (%) is presented, showing once more that the Temps-Coulson model is the most 
accurate, while the Reindl and Perez models are the only two overestimating in this 
occasion. 
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Figure 5.15: Comparison of estimated and observed solar irradiance for vertical 
inclination due West for the 5
th
 of July 
Table 5.10: Statistical performance indicators of solar models for vertical inclination 
due West for the 5
th
 of July 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -32.2931 -14.7716  
 Koronakis -18.7201 -8.5630  
 Temps-Coulson -8.1871 -3.7450  
 Hay-Davies -37.9915 -17.3781  
 Reindl 66.3065 30.3300  
 Perez -32.2931 -14.7716  
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Figure 5.16: MBE (%) values for vertical inclination due West for the 5
th
 of July 
All Figures and Tables for the 7
th
 of April, the 10
th
 of January and the 5
th
 of October 
are presented in Appendix C. 
5.3 Monthly Analysis with Black Model 
The analysis performed with the Black sunshine solar model was different than the two 
previously described. As already stated, this category of models can yield results only 
from monthly comparison. What is more, all the comparisons were made for horizontal 
surfaces, as it does not take into account neither the slope nor the orientation of the 
surface in question. 
In this comparison the same months as before will participate, presenting again July 
in the main body of this thesis. 
In Figure 5.17 the horizontal solar irradiance for July is shown. It can be observed 
that the Black model demonstrate almost a flat curve between sunrise and sunset 
without being able to follow the actual curve. That occurs because sunshine models do 
not measure the intensity of solar radiation, but only if the specific moment enough 
radiation reaches the surface in question. 
Regarding the statistical performance, it does not exhibit accurate values for July, 
underestimating solar irradiance. The results of the MBE indicator were -90.7465 W/m
2
 
and -29.6398 %. 
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Figure 5.17: Comparison of estimated and observed solar irradiance for horizontal 
surfaces in July 
Concerning the rest months, it exhibited accurate results for April and precise 
enough values for October, but it was totally inaccurate for January. According to the 
MBE % indicator in April it underestimated solar irradiance by -4.0510. The same 
indicator for January was 88.8429, showing that the Black model overestimates during 
winter months and in October according to MBE % it overestimated solar irradiance by 
15.4495. 
From the values estimated from the Black model it can be understood that not only 
during the day, but also during seasons this model exhibits small fluctuations when 
estimating solar irradiance. After that it is rational to demonstrate better results in 
autumn and spring months and be incapable of predicting precisely winter and summer 
months, when solar irradiance exhibits the lower and higher values respectively. 
All Figures for April, January and October are presented in Appendix D.  
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6 Conclusions 
After the comparison of the tested models and their assessment a number of interesting 
conclusions have come up for the estimation of solar irradiance near the region of 
Thessaloniki: 
1. It can be said that there is not a single model appropriate for any season and 
orientation. Every one of the existing models have weaknesses and limitations 
depending on location, weather conditions and treatment of solar radiation. 
2. Solar models have difficulties to estimate daily irradiance on vertical surfaces 
with high accuracy. If generalized, those estimations may lead to wrong 
assumptions. On the other hand, monthly estimations are more precise and 
should be preferred. 
3. Sunshine solar models calculating total horizontal irradiance are not so useful 
and should be preferred only when there is no other choice available and under 
specific circumstances taking into account the season of the year [60]. 
4. According to our analysis, the isotropic models used, Liu-Jordan and Koronakis, 
in most cases were accurate enough. Taken into account their simplicity and 
their results, they are appropriate to be used in engineering applications. Also, as 
reported in literature, in many cases they underestimate solar irradiance incident 
on inclined surfaces, because they ignore parts of diffused radiation and give 
good results in overcast conditions [13, 15, 25, 28, 29, 30, 31, 32, 33, 34, 35, 
36]. 
5. Concerning the anisotropic models, despite their complexity in general they 
performed below expectations. Only the Temps-Coulson model was precise, 
while the Hay-Davies, Perez and Reindl models were the three least accurate in 
all four months examined. Furthermore, in the majority of occasions the Perez 
and Reindl models tend to overestimate solar irradiance, which may be 
attributed to the three components of diffuse radiation incorporated. On the 
contrary, the Hay-Davies model usually underestimated solar irradiance. The 
Temps-Coulson model was one of the most accurate models and confirmed 
literature that is appropriate for clear sky conditions [13, 25, 33, 44]. 
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6. In all four months examined Liu-Jordan, Koronakis and Temps-Coulson were by 
far the three most accurate solar models, as presented in Table 5.6, without 
having large differences between their values. 
7. Moreover, it can be said that almost in every combination of month and 
orientation there is at least one solar model appropriate for estimations, as can be 
seen in Table 5.5. 
8. Another interesting fact is that the Perez model is highly precise for South 
orientation and the Liu-Jordan model tends to be accurate for North orientation 
regardless season of the year. 
9. Finally, the Black model seems to demonstrate similar values for every month, 
leading to overestimate winter months and underestimate summer months. Also, 
values do not differentiate significantly during the day. It can be quite credible 
only for autumn and spring months without providing any estimation concerning 
inclination and orientation of the examined surface. 
Despite the fact of having meteorological data of an entire year and analyzing one 
month of each season for the four cardinal points, it would be wise in the future to have 
estimations based on collected data from more years, so as to provide more accurate 
results. 
Furthermore, algorithms used within this thesis can be used in future research for the 
examination of solar irradiance incident on surfaces with various inclinations, as well as 
for different locations. 
Regarding solar models that were proven to yield poor results, like the Hay-Davies, 
could be substituted by other models like the isotropic Badescu and the anisotropic 
Gueymard, Willmot and Muneer in the future. 
Finally, taking as given the focus and progress made in the field of energy efficiency 
and the need for lower energy consumption, aiming to protect environment and reduce 
GHG emissions, it would be extremely interesting to continue and enhance projects 
resulting in modifications of existing models and set up of new, more accurate ones. 
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Appendix A 
Meteorological Station Technical Specifications 
 
a) SPN1 Sunshine Pyranometer by Delta-T 
 
 
 
Other specifications 
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Spectral response curve 
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b) SKS 1110 silicon cell pyranometer by Skye 
 
 
 
 
 
 
-88- 
 
 
 
Spectral response curve 
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c) LP UVB 01 probe by Delta Ohm 
 
 
 
Spectral response curve 
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d) Small wind transmitter by Thies clima 
 
 
 
Dimension Diagram 
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e) 200P wind direction vane by Renewable NRG Systems 
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f) Rain-o-matic professional rain gauge by Pronamic 
 
 
 
Intensity curve 
 
 
  
-93- 
 
Appendix B 
Figures and Tables of Monthly Analysis 
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan 7.2008 11.4011  
 Koronakis 23.7263 37.5660  
 Temps-Coulson 25.6884 40.6726  
 Hay-Davies -41.3672 -65.4969  
 Reindl 133.9973 212.1586  
 Perez 74.7009 118.2743  
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April-East 
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -29.1584 -27.6174  
 Koronakis -12.6329 -11.9653  
 Temps-Coulson 6.4327 6.0928  
 Hay-Davies -75.1523 -71.1806  
 Reindl 99.9603 94.6775  
 Perez 35.7279 33.8397  
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -31.8706 -23.8425  
 Koronakis -15.3451 -11.4797  
 Temps-Coulson -13.3829 -10.0118  
 Hay-Davies -71.8296 -53.7360  
 Reindl 102.9738 77.0350  
 Perez 46.1580 34.5309  
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -8.2671 -6.9923  
 Koronakis 8.2584 6.9850  
 Temps-Coulson 27.3240 23.1106  
 Hay-Davies -39.6202 -33.5107  
 Reindl 135.4322 114.5483  
 Perez 87.7708 74.2365  
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan 5.3687 24.5861  
 Koronakis 11.8952 54.4740  
 Temps-Coulson 24.7627 113.4009  
 Hay-Davies -13.4000 -61.3654  
 Reindl 61.9605 283.7480  
 Perez 40.8778 187.1999  
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January-East 
 
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -2.1075 -6.7065  
 Koronakis 4.4190 14.0618  
 Temps-Coulson 10.4525 33.2613  
 Hay-Davies -19.7181 -62.7459  
 Reindl 55.4216 176.3600  
 Perez 34.2730 109.0621  
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January-South 
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -43.7964 -43.7936  
 Koronakis -37.2700 -37.2676  
 Temps-Coulson -24.4024 -24.4008  
 Hay-Davies -55.2194 -55.2159  
 Reindl 19.7363 19.7351  
 Perez 7.3305 7.3300  
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January-West 
 
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -27.5783 -40.7915  
 Koronakis -21.0518 -31.1381  
 Temps-Coulson -15.0183 -22.2138  
 Hay-Davies -42.9001 -63.4544  
 Reindl 32.2422 47.6900  
 Perez 17.0408 25.2053  
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October-North 
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan 5.3194 14.1136  
 Koronakis 14.6638 38.9068  
 Temps-Coulson 23.4314 62.1696  
 Hay-Davies -22.0058 -58.3871  
 Reindl 76.5719 203.1649  
 Perez 46.0844 122.2738  
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October-East 
 
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -18.5468 -27.4318  
 Koronakis -9.2024 -13.6108  
 Temps-Coulson 2.1126 3.1247  
 Hay-Davies -42.8538 -63.3833  
 Reindl 55.4836 82.0634  
 Perez 24.3119 35.9587  
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October-South 
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -63.3977 -38.4200  
 Koronakis -54.0533 -32.7571  
 Temps-Coulson -45.2856 -27.4438  
 Hay-Davies -76.3499 -46.2692  
 Reindl 21.7781 13.1978  
 Perez 2.6884 1.6292  
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October-West 
 
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -44.6001 -35.2257  
 Koronakis -35.2556 -27.8454  
 Temps-Coulson -23.9406 -18.9086  
 Hay-Davies -59.0470 -46.6361  
 Reindl 39.3568 31.0845  
 Perez 20.3354 16.0611  
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Appendix C 
Figures and Tables of Daily Analysis 
 
 
7
th
 April – North 
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -0.3100 -0.5134  
 Koronakis 15.7648 26.1071  
 Temps-Coulson 19.4546 32.2174  
 Hay-Davies -47.9483 -79.4039  
 Reindl 120.1928 199.0433  
 Perez 80.8516 133.8929  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-80
-60
-40
-20
0
20
40
60
80
100
120
140
160
180
200
M
B
E 
[%
] 
Solar Models 
Liu-Jordan Koronakis Temps-Coulson Hay-Davies Reindl Perez
-115- 
 
7
th
 April – East 
 
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan 9.8692 19.5527  
 Koronakis 25.9441 51.3999  
 Temps-Coulson 40.2621 79.7665  
 Hay-Davies -37.6486 -74.5888  
 Reindl 130.4495 258.4441  
 Perez 91.5076 181.2933  
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7
th
 April – South 
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -15.3073 -18.3404  
 Koronakis 0.7675 0.9196  
 Temps-Coulson 4.4573 5.3405  
 Hay-Davies -58.7690 -70.4136  
 Reindl 109.0644 130.6747  
 Perez 76.9598 92.2088  
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7
th
 April – West 
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -12.8748 -14.9733  
 Koronakis 3.2001 3.7217  
 Temps-Coulson 17.5181 20.3735  
 Hay-Davies -53.5573 -62.2870  
 Reindl 114.3493 132.9880  
 Perez 89.2359 103.7811  
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10
th
 January – North 
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan 2.3987 7.8228  
 Koronakis 11.1971 36.5166  
 Temps-Coulson 29.4830 96.1516  
 Hay-Davies -23.6056 -76.9838  
 Reindl 73.1645 238.6079  
 Perez 45.7368 149.1594  
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10
th
 January – East 
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan 10.3487 45.3770  
 Koronakis 19.1471 83.9561  
 Temps-Coulson 27.2764 119.6014  
 Hay-Davies -15.4491 -67.7412  
 Reindl 81.2158 356.1144  
 Perez 53.8888 236.2909  
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10
th
 January – South 
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -15.6878 -26.9787  
 Koronakis -6.8895 -11.8480  
 Temps-Coulson 11.3965 19.5988  
 Hay-Davies -36.6939 -63.1033  
 Reindl 58.6656 100.8887  
 Perez 51.2735 88.1763  
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10
th
 January – West
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -31.0004 -42.3888  
 Koronakis -22.2020 -30.3582  
 Temps-Coulson -14.0727 -19.2425  
 Hay-Davies -51.5175 -70.4432  
 Reindl 45.4187 62.1038  
 Perez 35.8837 49.0660  
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5
th
 October – North
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -12.3166 -23.7447  
 Koronakis -6.5367 -12.6020  
 Temps-Coulson -3.5043 -6.7558  
 Hay-Davies -29.4668 -56.8082  
 Reindl 21.9837 42.3817  
 Perez 17.2776 33.3091  
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5
th
 October – East 
 
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -59.6928 -53.2558  
 Koronakis -53.9130 -48.0993  
 Temps-Coulson -45.7901 -40.8524  
 Hay-Davies -75.4996 -67.3581  
 Reindl -23.3786 -20.8576  
 Perez -27.5293 -24.5607  
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th
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SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -111.8621 -43.7689  
 Koronakis -106.0823 -41.5074  
 Temps-Coulson -103.0499 -40.3209  
 Hay-Davies -113.8785 -44.5579  
 Reindl -64.0128 -25.0466  
 Perez -70.2803 -27.4989  
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5
th
 October – West 
 
 
 
 
 
SOLAR MODELS 
MBE MBE  
 [W/m
2
] [%]  
 Liu-Jordan -70.3343 -36.0994  
 Koronakis -64.5545 -33.1329  
 Temps-Coulson -56.4316 -28.9638  
 Hay-Davies -65.1272 -33.4269  
 Reindl -16.8399 -8.6432  
 Perez -24.6703 -12.6621  
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Appendix D 
Figures and Tables of Monthly Analysis with Black model 
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